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THE EFFECT OF HYDROGEN-ION CONCENTRATION ON THE 
GROWTH OF CERTAIN PLANTS 


W. L. POWERS 
Oregon Agricultural Experiment Station! 


Received for publication August 25, 1926 


A study of the effect of hydrogen-ion concentration on the growth of certain 
plants was initiated at a time when statements were to be found in texts to the 
effect that legumes grow best in a slightly alkaline medium. Bryan (1) and 
others claim to have obtained results which seem to show that a slightly alkaline 
reaction is most favorable for the growth of certain legumes and other plants. 
Observations of alfalfa flourishing on land regarded as basic or slightly alkaline 
have caused apprehension as to whether optimum growth secured in slightly 
acid water cultures could be duplicated with plants growing in the soil. 

Attention was called to the effect of hydrogen-ion concentration on the 
growth of alfalfa in connection with studies on sulfur when used as a fertilizer, 
and these studies have been extended to certain other plants of interest in 
connection with the development of agriculture for the acid soil areas of the 
North Pacific Coast region. 

The methods used in these studies included growing plants in culture solu- 
tions and soil pots of known reaction, and determinations of hydrogen-ion 
concentration in cropped and uncropped field soils. The culture solutions 
were made up to a total osmotic concentration of approximately the equiva- 
lent of 1 atmosphere. The salts used were bi-potassium phosphate, potassium 
acid phosphate, calcium nitrate, calcium sulfate, and magnesium sulfate. 
In certain cases a saturated solution of calcium sulfate was employed. To in- 
crease the buffer action of the solution, 300 p.p.m. potassium-acid-thalate was 
added. Molal solutions of other salts were prepared and used in amounts up 
to 6 cc. per liter of culture solution. The different proportions of the acid and 
of basic potassium phosphates were used to adjust the reaction at the begin- 
ning of the experiment. Various degrees of acidity were provided for different 
sets of culture jars. 

The initial reaction was determined on the Hildebrand hydrogen electrode. 


1 These studies have been made partly in codperation with graduate students at Oregon 
Agricultural College; namely, Mr. Charles Hartmann, Jr., who codperated in part of the 
alfalfa experiment; Herman McCormick, with the alsike clover trial; Carl Faulhaber with the 
vetch trial, and Arthur Albin with mint. Rhododendrons were also used in related studies. 

Released with approval of the Director, Oregon Experiment Station. Read before Western 
Society of Soil Science, Mills College, Cal., June 1926. 
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Subsequent determinations were colorimetric, the reaction being adjusted 
where necessary by the use of 0.2 N sulfuric acic, or 0.2 N potassium hydroxide. 
In the case of legumes, nitrates were nearly eliminated from the culture solu- 
tion. It was found necessary to provide about 20 p.p.m. to carry the young 
seedlings until such a time as the bacteria and nodules could develop. The 


TABLE 1 
Relative yields of plants grown in solutions of different pH values 


AVERAGE 
H . i eee or AVERAGE : TOTAL 
CROP PH VALUE PLANTS “ca WEIGH? OF 
gm. gm. 
(ee 59 0.206 0.342 
NT SAAS AK oe, oe au uses eee 6.0 54 0.232 0.366 
a2 57 0.128 0.166 
Chal gle a PN ae leds See ee 5 5.8 26 0. 349 0.464 
NUMBER OF TOTAL WEICHT 
NODULES ee Or "ae 
gm. gm. 
4.5 sat 0.48 1.02 
Hungarian Vetch (30 plants each culture). 5.3 340 1.70 2.90 
(| 6.3 5 1.55 2.81 
NOMI 8 en ee ele leh ts ee 5:3 570 3.30 4.10 
‘ avenaes 
NUMBER OF WEIGHT 
PLANTS OF ENTIRE 
PLANT 
oo rT oben _ = 
4.0 re (een 1.75 
: 5.0 a ores 1.63 
ERP ea teh Mate tee eens ae 6.0 “Se, eee 2.25 
7.0 ‘ee: Weer 1.72 
NUMBER OF “ag saannae 
PLANTS WEIGHT pH 6.00 
wie - - i | ry it per cent 
{| 4.8 | 24 1.081 > 
Ee ee | ee 30 1.446 80 
[| 60 | 2% 1.464 100 


growth period was 4 to 10 weeks. With legumes, observations were made on 
the effect of reaction on the total growth of plants and on the development of 


nodules. 


Seedlings were sprouted in pure quartz sand and transplanted (in the case of 


legumes, when the fourth leaf appeared) into from 1 to 4 gallons of culture 
solutions, except with rhododendrons, where the plants, starting with very 
small wild seedlings, were grown in 2-quart jars. 
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A general summary of results of these experiments shows that all plants have 
grown best in aslightly acid medium. The maximum development was secured 
with alfalfa at a pH of 5.6 to 6.0. Hungarian vetch gave the best growth at 


Hydrogen-ion concentration of soil pots 


TABLE 2 


FALLOW sees. | MARCH 10 | MARCH 25| APRIL7 | APRIL21 | May S 
oH pH oH oH pH oH 
CDS 0 aa re grr se RANE 6.8 6.2 6.2 S37 5.6 GA 
2 Ce re soe IEICE 6.6 6.6 5:7 5:5 5.4 6.7 
See iaaiern emebtsenat ars sistontes 6.6 6.4 5.6 35 5.9 6.3 
UP ANOTN oc cjes siois sicate oo es'as 6.8 6.8 6.0 5.6 og 6.7 
MNO A creritninsiasice aan astern 6.8 6.8 6.0 5.4 6.0 6.5 
MSM ae nec hun eeneeerecniees 7.0 6.4 6.2 5.8 6.0 6.6 
NOTA ra soc cic hoe ieetstecos lasreiee's 6.9 6.4 5.2 6.0 5.8 5.8 
(Col cl SS OS Rarer Sees 6.9 6.3 6.0 534 5.6 5.9 
MMO cs crass foraie aicionatcve vers tapes Ss 6.9 6.3 6.2 5.9 6.0 6.1 
MORO eRe ie oo erticnere se oases fete (go 6.4 6.0 5.8 6.3 6.4 
GRR eh re hosng wiorsaiercsinte ove 6.9 6.4 6.0 5.7 6.3 6.3 
a sem rah eialererece os yashesnies sven etosase ooh oises 6.8 5.8 529 5.8 5.8 5.6 
OS, ONS Oe a Oe OAPRS 6.7 S| 5:6 5.8 5.8 5.6 
SPO MOUNME, 5.6 os. eseeise cece 6.3 Sz a2 4.6 4.5 4.4 
| a 6.0 5.1 5.0 4.4 4.4 4.2 
Np PRMMR IIE cotati 5 si ocsie se sins os 6.0 Fare 6.0 Sad 5.8 
pO I RG crater rote foksucseusiars ors vale 4008 mote 6.1 6.2 5.9 5.8 
Displaced soil solution........... 6.2 5.6 5.7 Sev 5.8 
MORAG rich aleiiersc cicarseseeice'ss (fe 6.5 5.9 =a 5.9 6.1 
EEC COLE ae er RCA 7.0 6.6 5.6 rt | 5.8 6.0 
Beer yas raca leee Sacsia cans Beis 6.8 6.6 5.4 5.6 5.8 6.3 
LN RR ean ced aN OS EPR 7.0 6.9 AY ae 59 6.2 
OS (ORAS ea earn eee Ee 7.0 6.9 S47 5.9 6.0 6.2 
MOR stents er ciate a iein orate aieaaees 6.9 6.6 6.2 5.6 6.0 6.0 
(ORION os ols ctcsisotesein'siaveieversiaiais 7.0 6.5 6.0 5.6 6.0 6.1 
SC) ee are ie | 7.0 A | 5.8 6.2 6.2 
MONO eerie arya ters io rons 8 ars ate aa WA 12 6.1 6.0 6.2 6.2 
BIOORG ects sane stam nn sare 7.0 6.9 5.9 5.8 6.0 6.3 
reese seer 2stety sopd ci talele a1 ieis oes 7.0 6.7 5.8 4.9 6.0 6.2 
OR RMRETN sioeg shops see swis'e io fais sna eels iate 6.0 se 6.2 S.7 6.2 
REN Fira 2 Satis ale Sistas Sen ataniiors wie att, 6.0 5.6 Sad 5.8 
6.3 6.0 5.9 5.9 6.1 


Displaced soil solution........... 


pH 5.3, and spearmint at pH 6.0. The optimum reaction for alsike clover ap- 
peared to be between pH 5.5 and 6.0 (plate 1). The experiments with alfalfa, 
vetch, and mint were repeated. In the case of alfalfa the experiment was re- 
peated at different seasons, and in different climates. The largest number of 
nodules was developed in culture solutions kept at pH 5.8 to 7.0, but the largest 
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total growth was secured for legumes at a pH of 5.2 to 6.5, the range being wider 
for alfalfa than for alfalfa bacteria. Water culture studies with rhododendrons 
indicate that they grow best at a pH of about 5.0 and that even 2 p.p.m. of 
aluminum is toxic (plate 2, fig. 2). 

Mint tends to control a reaction promptly or does not survive if prevented 
from bringing about and maintaining a favorable reaction (plate 2, fig. 1). 

The hydrogen-ion concentration of field soils where the crops were flourish- 
ing was determined in several cases with most of the plants studied. The 
plants studied were found to flourish in a slightly acid medium. 

The roots in contact with the soil solution may cause the reaction to change 
to a slight acidity because of the production of CO, and then H2COs. 


TABLE 3 
Yield of seedlings grown on treated Delhi soil in pots, February 3 to May 27 


ee WATER 
TREATMENT me ma? me | poe axa REQUIRE. REACTION 
| = 
| gm. | gm. gm. gm. gm. gm. 2H 
Displaced soil... 4.65 | 4.96 | 9.61 | 4.81 | 1,332] 5.8 
meh........: 5.41 | .... | 5.90 | 11.31 | 5.26 | 1,216] 5.8 
CaSOy................] 5.44 | 5.01 | 5.47 | 15.82 | 5.16 | 1,238] 6.2 
S—100 pounds Acre....| 6.68 | 6.54 | 6.51 | 19.73 | 6.58 971 | 6.2 
a a 6.31 | 7.25 | 7.14 | 20.70 | 6.90 928 | 6.3 
ee sckinerexta% 6.21 | 7.31 | 7.28 | 20.80 | 6.94 922 | 6.4 
(NHi):S04.............| 5.66 | 6.08 | 6.95 | 18.69 | 6.12 | 1,045] 6.0 
MgSOQy...............-| 6.02 | 6.90 6.84 | 19.76 | 6.59 971 | 6.1 
Check untreated....... 4.90 | 5.86 | 6.04 | 16.80 | 5.30 | 1,208} 6.0 


Where sulfur, sulfate, and other treatments were applied which tended to 
develop an acid reaction, this was associated with an increase in growth. The 
alfalfa plants tended to bring the reaction to about pH 6.0. 

Optimum reaction for these plants when grown in the field or in soil pots 
seems to correspond to the optimum reaction for these same plants when 
grown in culture solutions. Full advantage should be taken of the soil reaction 
range in which resistant crops grow well. 


REFERENCE 


(1) Bryan, O. C. 1923 Effect of reaction on growth, nodule formation and calcium 
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PLATE 1 


ALPALPA, VETCH, AND ALSIKE GRowWN IN CULTURE SOLUTIONS OF DiIrFERENT HYDROGEN-ION 
CONCENTRATIONS 


Fic. 1. Alfalfa. Fic. 2. Alsike. Fic. 3. Vetch. 
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PLATE 2 


AND RHODODENDRON GROWN IN CULTURE SOLUTIONS OF 


HyDROGEN-ION CONCENTRATIONS 


Fic. 1. Spearmint. 
Fic. 2. Rhododendron. 
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HILL FERTILIZATION STUDIES ON THE UTILIZATION OF THE 
PHOSPHORUS IN ACID PHOSPHATE BY CORN 


HORACE J. HARPER, W. G. BAKER, BRYAN BOATMAN, anp J. L. BOATMAN 
Iowa Agricultural Experiment Station 
Received for publication August 31, 1926 


At present there seems to be a decided difference of opinion among investi- 
gators in regard to the best method of applying fertilizers. Some experiments 
(3, 5) have indicated that the proper application of fertilizer “in the hill” with 
corn, and in the row with other crops, brought about greater increases in yields, 
than were obtained when the same amounts of fertilizer were applied broadcast. 
Other experiments (2) conducted under different conditions have indicated that 
broadcasting is to be preferred to hill or row applications. 

Although the increase in crop yield must determine the best method of 
application, it is quite possible that if more information were available on the 
residual effect of fertilizers, this factor might also help to determine which 
method should be used. In the case of broadcast applications, especially of 
acid phosphate, if the first crop does not utilize all of the plant-food added, 
the remainder will be distributed so that it can be used by succeeding crops. 
In hill or row fertilization, if all of the plant-food applied is not used by the 
crop being grown, it is left in a small area of soil and only a few of the roots of 
succeeding crops can come in contact with it. If a crop can utilize practically 
all of the fertilizer in the hill or row, however, the residual effect would not be 
a factor in determining how fertilizers should be applied. 

Few data (1) have been published on the utilization of phosphorus in the hill 
or row. Hence it seemed desirable to study this problem further in order to 
determine, if possible, how much of the phosphorus added was used by the 
growing crop. 


EXPERIMENTAL 


In this investigation a study was made on the utilization of the phosphorus 
by corn when fertilized in the hill with 16 per cent acid phosphate and a 2-12-2 
fertilizer made up of ammonium sulfate, 16 per cent acid phosphate, and 
potassium chloride. The mixed fertilizer was included in order to determine 
whether nitrogen and potassium used with the acid phosphate would increase 
the utilization of the phosphorus, through stimulating the development of fine 
roots in the young corn plant, particularly in the fertilized zone. 

The acid phosphate was ground to pass a 40-mesh sieve and was applied at 
the rate of 100 pounds to the acre, or 122 gm. to the hill. The 2-12-2 fertilizer 
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was applied at the rate of 133.3 pounds to the acre, equivalent to 100 pounds 
of 16 per cent acid phosphate. The fertilizers were applied by hand and thor- 
oughly mixed with a layer of soil 3 inches wide, 12 inches long, and in most 
cases about three-fourths of an inch thick. A 4-mesh, black wire screen was 
placed below and above the fertilized zone to facilitate accurate sampling of 
soil of the fertilized area after the corn had grown to maturity. The corn 
was planted in the middle of the fertilized area at a depth of about two and one- 
half inches. No injury to germination occurred, and in most cases there were 
three stalks of corn in each hill. 

The tests were carried out on six different soil types located in eight different 
counties in Iowa. All of the fertilizer treatments were made and the corn was 
planted about May5. Afterthe corn was matured, the plants were removed and 
soil samples were taken from the fertilized areas between the wire screens, and 
from areas one inch deep directly beneath each lower screen. A composite 
sample of unfertilized soil was also obtained from the area between the fer- 
tilized hills. All samples were analyzed for total phosphorus content by the 
magnesium nitrate method. The unfertilized samples were also analyzed for 
total nitrogen by the Kjeldahl method and for acidity by the Truog test (4). 

The results of the analyses of the unfertilized soils are given in table 1. 
The data obtained from the fertilized samples are given in table 2. The amount 
of residual phosphorus was calculated by determining the amount of phos- 
phorus remaining after crop maturity in each sample of fertilized soil, and then 
subtracting the amount of phosphorus which was present in a like amount of 
unfertilized soil. Ninety milligrams of phosphorus was added to each hill of 
corn. The percentage of phosphorus which was not used by the corn crop was 
obtained by dividing the residual phosphorus by 0.9. 

The data given in table 2, indicate that when soils are high in total phos- 
phorus, the corn plant uses less phosphorus from the fertilizer applied in the 
hill than when soils are low in total phosphorus. Soil acidity did not seem to 
affect the utilization of phosphorus in this investigation. The Marshall silt 
loam at Lawton received very little rainfall during the spring and summer, 
which may account for the large amount of residual phosphorus in that soil. 
Samples of soil were not obtained from the area beneath the fertilized zone 
in the Tama silt loam, Ossian Field, where the soil was fairly high in total 
phosphorus. A large amount of the phosphorus added to this soil was uti- 
lized by the corn plant. The better utilization of the phosphorus was probably 
due to the mixing of the fertilizer with a layer of soil about two inches instead 
of three-quarters of an inch thick, as was done in the other tests. A larger 
number of plant roots thus came in contact with the thicker layers of fertilizer. 
It is evident from this investigation, which confirms the results previously 
secured (1), that the corn plant has not been able to utilize, even under the 
most favorable conditions, all of the phosphorus in an application of 100 
pounds of 16 per cent acid phosphate applied in the hill in the same plane with 
the seed. It was also found in connection with this study that the amount of 
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Hill fertilization data on the residual phosphorus which remained in the soil after a crop of corn 
had grown to maturity 


TABLE 2 


HARPER, BAKER, BOATMAN AND BOATMAN 


RESIDUAL PHOSPHORUS 


eeniniatnns In fertilized zone | Beneath fertilized Total “APD 

mem. mem. mem per cent 
Carrington loam, Agronomy Farm 
22.5 2.5 25.0 27.8 
0-16-0 18.6 58 244 71 
18.3 9.4 27.7 30.8 
Average....... 20.6 5.4 26.0 28.4 
| 11.6 3.5 15.1 16.8 
a | ea ey i. | 
| 28.7 | 0.5 | 29.2 32.4 
Average....... | 20.2 | 2.1 | 22.3 24.7 
Carrington loam, Waverly Field No. 2 

f 20.5 | 6.0 | 26.5 29.4 
e160] es | gr | ao 33.6 
(| 16.4 | 4.7 | 21.1 | 23.4 
Average....... 20.9 6.1 | 27.0 | 30.0 
(| 35.6 | 65 | 42.1 | 46.8 
en | ee YY 
\ 29.8 | 7.7 | 37.5 | 41.7 
Average....... 29.6 | 6.2 | 35.8 39.8 


UTILIZATION OF PHOSPHORUS BY CORN 


TABLE 2—Conlinued 


RESIDUAL PHOSPHORUS 


il tia In fertilized zone | Beneath fertilized Total “APPLIED 
mem. mgm. mgm. per cent 
: Marion silt loam, West Point Field No. 2 
13.1 12.5 25.6 28.4 
4 0160 15.7 37 19.4 21.5 
F 9.2 18.3 27.5 24.7 
2 Average..... 12.2 11.0 23.2 24.3 
% 6.8 2.3 9.1 10.1 
re |e ee 
4 18.1 5.4 23.5 26.1 
2 Average....... 13.7 5.3 19.0 21.1 

Marshall silt loam, Avoca Field 

25.5 2.1 27.6 30.7 
a asad 24.2 51 20.3 32.6 
2 23.1 8.0 31.1 34.6 
Average..... 26.3 a2 31.5 35.0 
<i 23.4 4.8 28.2 31.3 
: 2122 a0 57 a7 53.0 
’ 27.4 3.9 31.3 34.8 
: Average... 30.1 5.0 35.1 39.0 

Marshall silt loam, Lawton Field 
i 33.1 2.9 36.0 40.0 
: 0160 36.1 07 36.8 09 
7 30.6 3.6 34.2 38.0 
Average..... 34.0 3:5 39.5 41.7 
43.9 0.0 43.9 48.8 
2122 163 07 45.2 50.2 
41.4 0.0 41.4 46.0 
Average... 41.0 0.4 41.4 46.0 
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TABLE 2—Concluded 


| RESIDUAL PHOSPHORUS 
FERTILIZER APPLIED PHOSPHORUS 
In fertilized zone | Beneath fertilized Total _— 
mgm. mgm. mgm. per ceut 
Peat, Rembrandt Field 
| 10.6 2.4 13.0 14.4 
2.2 2.2 4.4 4.9 
—e 18.5 | 1.5 20.0 22.2 
16.4 | 3.6 20.0 22.2 
| | 
Average....... 11.9 | 2.4 14.3 15.9 
(| 13.3 0.9 14.2 15.8 
— | 17.8 | 3.9 21.7 24.1 
8.8 0.0 8.8 9.8 
4.9 | 0.3 5.2 5.7 
Average....... 11.2 | 1.3 | 12.5 13.8 
Tama silt loam, Ossian Field 
(, 23.9 | 23.9 26.5 
l 13.1 13.1 14.5 
— }] 17.1 | 17.1 19.0 
15.8 | 15.8 17.6 
Average....... 17.5 | 7.5 19.4 
21.7 21.7 24.1 
25.3 25.3 28.3 
— )| 19.3 19.3 | 21.4 
| 17.4 17.4 | 19.3 
| 
Average....... 20.9 20.9 | 23.2 


residual phosphorus was greater when fertilizer attachments were used than 
when the fertilizer was applied by hand. This probably is because most fer- 
tilizer attachments do not mix the fertilizer thoroughly with the soil. The data 
along this line are not given in this paper. Another fact which does not appear 
in the data but which was observed during this study was that a greater amount 
of phosphorus was used when the fertilizer was located 2 inches instead of 6 
inches from the center of the hill. This is evidently because of the difference 
in the concentration of roots in these areas, since there were more fine roots 
2 inches from the center of the hill than at a distance of 6 inches. This would 
seem to indicate that in hill fertilization, phosphorus fertilizers should be 
applied in the zone of maximum root development and should be thoroughly 
mixed with the soil in order to obtain the best utilization of the plant-food 


in the fertilizer. 
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SUMMARY 


A study was made of the utilization of the phosphorus in acid phosphate 
by corn plants which were fertilized in the hill with 16 per cent acid phosphate 
and with a 2-12-2 fertilizer. 

It was found that about three-fourths of the phosphorus applied was taken 
up by the corn plant when the rate of fertilization was equivalent to 100 
pounds of 16 per cent acid phosphate to the acre. The amount of phosphorus 
absorbed varied with the different soils and was greater than 75 per cent in 
case of soils low in phosphorus, and less than 75 per cent in soils high in phos- 
phorus. The lack of available nitrogen probably reduced the utilization of 
phosphorus in two cases. 

The maximum utilization of phosphorus was found to occur in the zone of 
greatest root development, which in the cases studied was less than six inches 
from the center of the corn hill. 

The addition of ammonium sulfate and potassium chloride to acid phos- 
phate to make a 2-12-2 fertilizer did not increase the total absorption of phos- 
phorus from acid phosphate when applied in the hill to corn. It may, however, 
have had some effect on the rate of absorption, which was not determined in 
this investigation. 
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THE ASSIMILATION OF PHOSPHORUS FROM PHYTIN BY RED 
CLOVER! 


A. F. HECK anp A. L. WHITING 


University of Illinois 


Received for publication September 2, 1926 


In an earlier paper (3), oats were shown to assimilate phosphorus from 
phytin. This form of organic phosphorus was more readily assimilated than 
that of certain inorganic phosphates. The straw of oats was found to contain 
as high as 1.94 per cent of phosphorus with phytin, which in every treatment 
with the crude phytin, as well as with the pure phytin, exceeded that found 
with even the largest application of rock phosphate. 

The oat grain showed a generally higher phosphorus content with the largest 
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applications of phytin, possibly indicating a very great tolerance in the straw i 
for the phosphorus in the phytin treatments. The phosphorus content of 4 
oat straw is usually reported as 2 pounds a ton, although some of these results ' 
showed as high as 38 pounds a ton, with the lowest of the phytin treatments i 


showing 3.2 pounds a ton. f 
Clover follows oats in many crop rotations in which corn precedes the oats. 
The clovers have been shown to be capable of using insoluble sources of phos- 
phorus and may obtain considerable organic phosphorus from the stubble and 
straw of the oats and the stalks of the corn. 
In order to test the ability of clover to assimilate phosphorus from phytin 
the experiments reported in this paper were conducted. 
Tsuda (2) has reported the phosphorus distribution in red clover hay before 
flowering as follows: 


In 100 parts dry matter 


PM MMAR Sic ors ic.s ccs ish. oles sda iemme aie wieaoamielurdaiaieeaisat 
PASE ONY 1 oe 0.084 
Pa TRIM oso 5 cae ts Sets Asien Ba ncaa aisle tae lass lorwiaran BASS 


About one half of the total phosphorus in the red clover was reported as 
phytin. These data are introduced to show the importance of that source of 
phosphorus to crops that must depend upon clover for their phosphorus. 
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1 Work conducted at the University of Illinois. Submitted by the senior author to the 
Graduate School in partial fulfillment of the requirements for the degree of Master of Science. 
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EXPERIMENTAL 


The pot-culture methods were outlined in the previous paper. These clover 
series were conducted in a similar manner to the oat series reported therein. 


Clover Series 1-28—Set up immediately before planting 


Phosphorus applications 


1-2—-Sand alone, no treatment 
3-4—These and all succeeding pots received the following treatment: 
28 gm. precipitated calcium carbonate 
Soluble potassium, magnesium, and nitrogen 
Liberal application of soil infusion 
Rock Phosphate Series 
5- 6— 220 mgm. phosphorus 
7- 8— 440 mgm. phosphorus 
9-10— 880 mgm. phosphorus 
11-12—2,640 mgm. phosphorus 
Tricalcium Phosphate Series 
13-14— 36 mgm. phosphorus 
15-16— 73 mgm. phosphorus 
17-18—146 mgm. phosphorus 
19-20—440 mgm. phosphorus 
Crude Phytin Series 
21-22— 18 mgm. phosphorus 
23-24— 36 mgm. phosphorus 
25-26— 73 mgm. phosphorus 
27-28—220 mgm. phosphorus 


Series 29-5) 


The treatments on series 29-56 are obtained by subtracting from the total 
number of milligrams of phosphorus originally placed in each pot, the number 
of milligrams of phosphorus removed in the grain and straw of the oats crop. 
Aside from leaching, which perhaps can be disregarded, there was no possible 
loss. 

These series were planted to red clover on January 26. In the seed planted, 
about 0.2 mgm. of phosphorus was added to each pot. The clover was allowed 
to grow until it was evident that it would live when it was thinned to 12 plants 
toeach pot. The red spider and white fly were held in check by daily spraying 
with cold distilled water. Some injuries which were thought to be due to 
ammonium nitrate were noticed, but were not permanent and were not seen 
on series 29-56. 

On April 26 the first cutting was made. It will be noted, however, that 
because the plants were too small, the following pots were not harvested: 


REM aE ie Sain toniswule wipes ey SHE ews eI awa eee siecues 1-4 
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LON eat cis ea dae va Mabini Ges oa awh aaah ah eww Naas 29-32 
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yields. The percentages of phosphorus in the first cutting increased in general 
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Table 1 gives yields of the first cutting together with the percentage and the 
total number of milligrams of phosphorus in the crop. The figures are aver- 
ages of the two duplicate pots. 7 
Plates 1 and 2 show the clover at the time of the first cutting. 

The increasing amounts of phosphorus in all forms used resulted in increased 


TABLE 1 
Vields and analyses of the first cutting of clover 


TREATMENT, P TOTAL PHOSPHORUS 
YIELD PHOSPHORUS IN CROP 


POT NUMBER PER POT 


mgm. gm. per cent 


Rock Phosphate Series 


0.48 ‘ 
7-8 440 0.82 0.179 1.47 i 
9-10 880 1.57 0.175 2.75 4 


3.91 


Crude Phytin Series 


0.74 
23-24 36 1.65 0.253 4.17 
25-26 73 3.26 0.330 10.75 
6.40 


Rock Phosphate Series (after oats) 


39 2,520 0.79 | 0.266 2.10 
Pure Phytin Series (after oats) 

41-42 132 0.65 0.522 3.39 

43-44 297 1.38 0.555 7.66 

45-46 650 2.18 0.691 15.06 

2,341 . 2.08 0.853 17.74 


Crude Phytin Series (after oats) 


49-50 


51-52 239 0.44 0.895 3.94 
53-54 516 1.76 0.768 13.51 
55-56 2,040 5.00 0.678 33 .90 


119 


0.615 


0.38 


2.34 


with increasing amounts of phosphorus applied. 
very high phosphorus contents were found. Both these series followed oats, 
and the phosphorus given as treatment is the amount remaining after that 
removed by the oats is subtracted. The clover did not take up as much 
phosphorus in any case as did the oats, the highest phosphorus content 


In series 41-48 and 49-56 


being 0.895 per cent with the clover. Clover hay was reported by Hopkins 
as containing 5 pounds of phosphorus to the ton. The phytin treatments 
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after oats in this work contained from 10.4 to 17.9 pounds to the ton—from 
two to over three times as much as commonly found. The intake of phos- 
phorus by red clover from phytin was thus very large. 

On May 15 a second cutting was made and the roots were removed and 
washed as free from sand as possible. It was impossible to remove all of the 
sand but what remained did not interfere seriously with the reliability of the 
weights. In the tables where total crop weights are reported they represent 
the entire plant. Table 2 gives the yields on clover series 1-28. A very small 


TABLE 2 
Vields of clover on series 1-28 


TOPS 


First cutting Second cutting 


Rock Phosphate Series 


0.48 0.57 


l 

| 0.82 1.02 
| 4.57 1.86 
| 390 | 3.70 


Tricalcium Phosphate Series 


Crude Phytin Series 


21-22. | 0.74 0.78 
23-24 | 1.65 1.95 
25-26 | 3.26 3.20 
27-28 | | 640 | 2.96 


amount of phosphorus in phytin was equivalent in yield to a large amount of 
either tricalcium phosphate or rock phosphate. Table 3 gives the yields on 
the series where the clover followed a crop of oats (29-56). 

In series 33-40 with the second crop on the rock phosphate or where the 
clover followed oats, it will be seen that the low yields produced are in a way 
identical with those on the tricalcium phosphate series 13-20. An exception 
exists, however, with pots 39 and 40, but this may be explained by the fact 
that the roots of the oats were not removed. In these two pots, judging from 
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the amount of oat straw produced, considerable quantities of roots must have 
been left, which, on decomposition, liberated organic phosphorus which was 
utilized by the clover. The percentage phosphorus content of the clover on 
these pots would also indicate organic origin. It will be noted that most of 
the growth was during the last month, which indicates that growth was de- 
layed until the phosphorus was liberated by decomposition. 


TABLE 3 
Vields of clover on series 29-56 (after oats) 


TOPS 
TREATMENT, P 


POT NUMBER PER POT 


First cutting Second cutting 


mgm. gm. gm. 


Checks 


None 
| All but P 


Pure Phytin Series 


0.65 1292 
1.38 2.51 
2.18 3.85 
2.08 4.07 


Crude Phytin Series 


1.14 | 1.92 
Removed for analysis 
3.09 4.73 
4.22 5.89 


ORGANIC PHOSPHORUS ANALYSIS 


In the crude phytin series on which clover followed oats, it was noticed that 
the clover crop was poorest on the lower treatments where the best crop of 
oats was produced, although a sufficient amount of phosphorus was present 
to grow a maximum crop. Originally it was thought that all of the phos- 
phorus in crude phytin was organic but this phenomenon raised the question 
whether part of the phosphorus in crude phytin might not be inorganic. 
Collison (1) had separated organic and inorganic phosphates by the use of 
acid alcohol. His method was tried in this case. He used 94-96 per cent 


a 
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alcohol containing 0.2 per cent hydrochloric acid. The finely ground sub- 
stance is shaken up with this acid alcohol solution for several hours or until 
all of the inorganic phosphorus goes into solution, the difference between the 
total phosphorus and that in solution being organic. 

Where mineral phosphates were to be separated, it was found that 0.2 per 
cent hydrochloric acid was not sufficiently strong to dissolve all of the in- 
organic phosphorus. The acid was then increased to 1 per cent, thus making 
a final solution of about 94 per cent alcohol containing 1 per cent hydrochloric 
acid. 

A weighed amount of the substance was placed in a shaker bottle with 200 
cc. of the 1 per cent acid alcohol, shaken at intervals and allowed to stand 
until the reaction had reached an equilibrium, which on the mineral phos- 
phates was as long as ten days or two weeks. Trial separations were made 
on phytin and pure tricalcium phosphate and the method was checked up in 
this way. 


TABLE 4 
Trial separation of organic and inorganic phosphorus 


WEIGHT OF 


SUBSTANCE SAMPLE INORGANIC P ORGANIC P 


Separately: 
Ca3(PO,)2 0.05 | 
i 0.05 : | 


| 


| 
gm. : | mgm. 
| 


Together: 
Ca3(PO,)2 0.05 
0.05 


The results in table 4 are averages of four determinations and check within 
the limit of experimental error. They indicate a complete separation in 1 per 
cent acid alcohol. 

In view of the fact that the trial separation was so complete and accurate, 
a separation was tried on pots 51 and 52, on which only a small amount of 
clover was produced, but on which had grown the maximum oats crop of this 
series. In the beginning, 351 mgm. of phosphorus as crude phytin was added 
to each pot. According to the above analysis this contained only 305 mgm. 
of organic phosphorus. The total oats crop removed in the grain and straw 
was 112 mgm. of phosphorus. The clover crop removed in all 11 mgm. of 
phosphorus, making a total 123 mgm. of phosphorus removed by the crops, 
and leaving 182 mgm. of presumably organic phosphorus together with the 46 
mgm. of inorganic phosphorus applied in the phytin at the beginning. As an 
average of four determinations on the sand from pots 51 and 52, only 31 mgm. 
of organic phosphorus to the pot could be found. This shows that at least 
151 mgm. of organic phosphorus had gone over to the inorganic state, and in 


. 
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the presence of lime presumably to tricalcium phosphate. The total weight 
of phosphorus assimilated in the first cutting from pots 51 and 52 checks very 
closely with that assimilated in pots 23 and 24 into each of which was placed 
36 mgm. of phosphorus in the form of phytin and carrying 31.3 mgm. of or- 
ganic phosphorus. 

It was also noticed early that the clover grown on the rock phosphate series 
which had previously grown oats, did not make a growth equal to that on rock 
phosphate which had not previously grown oats (see tables 2 and 3). The 
difficulty seemed to be similar to that affecting the crude phytin clover. Since 
the rock phosphate and phytin had been treated exactly alike and had both 


TABLE 5 
Organic phosphorus in rock phosphate 


SUBSTANCE See PHOSPHORUS 


mem. per cent 


Total phosphorus ; 6.06 12.12 
Acid alcohol soluble , 5.45 11.50 


TABLE 6 
Comparative yields and treatments on rock phosphate and crude phytin 


ORGANIC PHOSPHORUS* 
POT NUMBER TREATMENT PHOSPHORUS YIELD FIRST CUTTING 


mgm. 
7- 8 Rock phosphate 26.4 
21-22 Crude phytin 15.6 


9-10 Rock phosphate 
23-24 Crude phytin 


11-12 Rock phosphate 
25-26 Crude phytin 


* From table 1. 


shown the same phenomenon, namely, that of reduced yields, it was considered 
worth while to attempt to determine whether the rock phosphate contained 
any organic phosphorus. Samples of rock phosphate were run for organic 
phosphorus with the results given in table 5. This shows that 5.1 per cent 
of the phosphorus in rock phosphate is organic, or 0.62 per cent of the mineral 
is organic phosphorus. There is the possibility, however, that this figure is 
too high, but coupled with the fact that rock phosphate may contain over 6 
per cent of organic matter, would indicate perhaps that it does contain some 
organic phosphorus. In this connection it might be well to note that rock 
phosphate contains about 0.5 mgm. of organic nitrogen in each gram. These 
points together with the fact that the clover following oats on the rock phos- 
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phate was inferior, all indicate some form of readily available phosphorus in 
the rock, which tends in the presence of lime to go to the tricalcium or other 
unavailable form. The nitrogen in rock phosphate is low in comparison with 
the organic matter and the organic phosphorus, and this would tend to indicate 
non-nitrogenous phosphates such as phytin. 

By taking the sum of the first and second cuttings of clover on similarly 
producing pots in the rock phosphate and phytin series, and computing from 
the treatment the amount of organic phosphorus present, it will be seen that 
there is sufficient organic phosphorus in the rock to produce these yields. A 
marked similarity exists in the amounts of organic phosphorus present in the 
two treatments. Table 6 shows the number of milligrams of organic phos- 
phorus (by calculation) present in each pot, the total yield from the two 
cuttings, and the number of milligrams assimilated in the first cutting. All 
of these data tend to show that the rock phosphate used in this work contained 
enough organic phosphorus to grow the crops produced, without using any of 
the inorganic form. 


SUMMARY 


1. Red clover is able to utilize phosphorus supplied in phytin. 

2. Organic phosphorus in rock phosphate appeared to be responsible for 
increased growth with the first crop of red clover. 

3. Phosphorus in the roots of oats appeared to be an important source of 
that element for the succeeding crop. 

4. The presence of lime brings about a reversion of the soluble organic 
phosphorus to a less available inorganic form. This appears to take place 
even with the rock phosphate. 
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PLATE 1 


CLOVER AT THE TIME oF First CUTTING 


Fic. 1. Pot 4—All plant-food except P 


22— 
24— 
26— 
28— 


18 mgm. P in crude phytin to the pot 
36 mgm. P in crude phytin to the pot 
73 mgm. P in crude phytin to the pot 
220 mgm. P in crude phytin to the pot 


2 —No treatment 


14— 
16— 
18— 
20— 


36 mgm. P in tricalcium phosphate to the pot 
73 mgm. P in tricalcium phosphate to the pot 
146 mgm. P in tricalcium phosphate to the pot 
440 mgm. P in tricalcium phosphate to the pot 


Fic. 2. Pot 32—All plant-food except P 


50— 
52— 
54— 


119 mgm. P in crude phytin to the pot 
239 mgm. P in crude phytin to the pot 
516 mgm. P in crude phytin to the pot 


56—2,040 mgm. P in crude phytin to the pot 


30—No treatment 


42— 
44— 
46— 


132 mgm. P in pure phytin to the pot 
297 mgm. P in pure phytin to the pot 
650 mgm. P in pure phytin to the pot 


48—2,341 mgm. P in pure phytin to the pot 


i 
i 
5 
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PLATE 2 


aT THE Tite or First Currine 


Fic. 1. Pot +—All plant-food except P 
32—All plant-food except P 
tricalcium phosphate to the pot 


rock phosphate to the pot 


tricalcium phosphate to the pot 


n crude phytin to the pot 


crude phytin to the pot 
crude phytin to the pot 
crude phytin to the pot 
rock phosphate to the pot 


in crude phytin to the pot 


in rock phosphate to the pot 


All plant-food ex« 


ept ? 

rock phosphate to the pot 
rock phosp! ate to the pot 
rock phosphate to the pot 
rock phosphate to the pot 


cept P 
rock phosphate to the pot 


rock phosphate to the pot 


in rock phosphate to the pot 


in rock phosphate to the pot 
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THE RELATIVE RATES OF NITRIFICATION OF DIFFERENT PARTS 
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In the progress of agriculture there is noted a tendency toward more complete 
and more intelligent utilization of crop residues and green manures both from 
the soil standpoint and from that of the farm as a unit. 

This tendency gives rise to many new questions dealing with the relative 
rates of decomposition of the different crops and the different parts of the same 
crop. These questions are concerned with dry and green, young and old, cured 
and uncured (6) legume and non-legume plants and parts of plants under the 
influence of the cropping and soil systems being practiced. 

There is unquestionably much to be gained by a more complete knowledge 
of the rate and kind of decomposition or fermentation of the various crop 
residues and green manures and the parts thereof. 

This paper deals with only one phase of this whole question of decomposition 
and for one crop only, although it touches on perhaps the most important 
element from the soil standpoint. 

The work reported consists of a study of the relative rates of nitrification 
of the whole plant and the parts of the biennial white sweet clover of the first 
season’s growth. 


Joshi (2) studied the legumes, sann-hemp, dhaincha, cowpeas, tamarind, guvar, and 
gokarn and found the rate of nitrification greatest for the leaves. The roots and stems were 
very slow to be nitrified. These are all annual legumes except tamarind, which is a woody 
plant. 

In some later work by Joshi (3) the yield of oats was determined where the whole plant 
and the leaves, stems, and roots of dhaincha, cowpeas, sann-hemp, and guvar were plowed 
under. In these studies, made in pot cultures and in plots in the field and extending over 
three years, the leaves were distinctly valuable in increasing the yields of both straw and 
grain. The stems and roots varied in their effect. In 20 cases, 13 yields were increased 
by the stems, 4 by the roots, and 2 showed neither loss nor gain. 

The reduction in yield below the untreated soil in some cases with the stems and in the 
14 cases with the roots could be ascribed to the low nitrogen content and the high cellulose 
content. This seems to be the logical explanation, since the whole plant was intermediate 
in its effect between the leaves and the stems, but of 20 comparisons the whole plant was 
ahead in 17 cases and equalled the stems in 1 case, leaving only 2 cases in which the whole 
plant was exceeded by the stems. 

The effect of the stems and roots varied in the different experiments and years. This 


1 Contribution from the Department of Agronomy, University of Illinois. 
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could probably be traced to the age of the plants or their maturity at the time of returning 
to the soil. The maturity would vary during different growing periods, and since the usaul 
period Joshi used was 8 weeks, this would enter as a large factor for such short season crops 
as some of these annual legumes. 


EXPERIMENTAL 


The leaves, stems, roots, and a sample of the entire plant were analyzed for 
total nitrogen. These results are given in table 1 together with the dry matter 
in grams and the percentage of dry matter by weight of the various parts of 
the whole plant. The weight of nitrogen and its percentage of the total nitro- 
gen contained in the various parts of the plant are also reported and will be 
referred to later in connection with a discussion of their nitrification. If the 
nitrogen content of the whole plant, as determined by an analysis, be compared 
with the calculated nitrogen content as obtained from the analysis of the parts, 
it will be seen that they differ by only 0.02 per cent. 


TABLE 1 
Dry matter and nitrogen content of leaves, stems, and roots of sweet clover 
| NITROGEN 
| PERCENTAGE 
, DRY WEIGHT OF 
PART OF PLANT weicHt | pace * Pencenta € 
| | PLANT Percentage Weight nitrogen in 
| entire plant 
| gm. | gm. 
PR hg oh eras un tan ors one 70 =| 16.22 3.42 | 2.3940 21 31 
MB CAS Sica chew e vies Gin ai omits , 104 | 23.74 1.35 1.4040 12.48 
NMED tn oe va 85 Bc ne ety | 264 60.04 2.82 7.4448 66.21 
Entire plant............02..000005. | 438 | 100.00 | 2.50 | 11.2428 | 100.00 


Fifteen milligrams of nitrogen in the form of the roots, stems, leaves, and the 
entire plant were placed in a typical silt soil, and nitrate determinations were 
made at intervals of 1 month throughout a period of 8 months. Table 2 shows 
the percentage of the total nitrogen nitrified in each 100 gm. of air-dry soil. 
A study of this table shows clearly the superior rate of nitrification exhibited 
by the roots as compared with the stems, leaves, and the entire plant during 
the first two months. 

At the end of 3 months, the nitrification of the leaves had apparently reached 
100 per cent and at the end of 8 months it had risen to 140 per cent. It appears 
that the leaves stimulated a greater nitrate production in this soil than the 
other parts of the plant and probably the real nitrification of the leaves would 
be less than 100 per cent. In spite of the large percentage of nitrification that 
occurred with the leaves, it is still evident that the rate of nitrification of the 
entire plant was controlled by the rate of nitrification of the roots. 

Table 1 shows that the roots constituted 60.04 per cent of the dry matter 


NITRIFICA 


by weight and contained 66.21 


entire plant. The stems contained 23.74 per cent by weight of the dry matter 
but only 12.48 per cent of the total nitrogen of the entire plant, whereas the 
leaves represented only 16.22 per cent by weight of the dry matter, and but 
21.31 per cent of the total nitrogen of the entire plant. 

Calculating from these figures the amounts of nitrogen contained in the roots, 


leaves, and stems that entered 
entire plant, one finds that the 


Relative rate of nitrification of sweet clover roots, stems, leaves, and entire plant 
(15 mgm. of nitrogen added per 100 gm. of soil) 


five times that of the stems and three times that of the leaves, provided every 
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per cent of the total nitrogen present in the 


into the 15 mgm. of nitrogen applied in the 
influence to be exerted by the roots would be 


TABLE 2 


PROPORTION NITRIFIED 


PART OF PLANT 
1 


2 3 | 4 5 6 
month | months] months! months| months| months| months/ months 


a 8 
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Ie seo ee ee eit eee 0 
MPMI MR Reece ws inetergsare: claws ese ieere 6 


per cent | per cent | per cent 


.3 | 82.7 | 69.3) 83.6) 80.0} 64.4) 90.7) 91.6 
91 0 8.4; 16.0} 17.8) 35.6) 71.1} 80.0 
.7 | 69.3 | 100.0) 105.8) 106.6) 115.6) 133.3) 141.3 


per cent| per cent| percent | per cent | per cent 


61.3 | 47.6} 60.4) 61.3) 68.9) 88.9) 96.0 


Found and calculated values of percentages nitrified for entire plant 
(15 mgm. of nitrogen added per 100 gm. of soil) 


TABLE 3 


PROPORTION NITRIFIED 


1 


month 


v 
months 


3 
months 


months 


7 
months 


7 
months | months 


4 
months 


perc 


Entire plant found.............| 9.3 | 61.3 | 47.6 | 60.4 | 61.3 | 68.9 | 88.9 | 96.0 


Entire plant calculated......... 23. 
Entire plant calculated, leaves 


per cent | per cent | per cent | per cent 


ent per cent 


per cent 


per cent 


S095 | GF.3 9] 79.9 | EO Te | 98S TOOT 


78.6 | 75.5 | 68.4 | 90.2 | 91.9 


other condition was identical. 


parts, the percentage that should have been nitrified in the entire plant was 
calculated and is entered in table 3 as percentage calculated. By comparing 
these figures with the percentage nitrified of the entire plant actually found, 
it can not be said that the figures agree closely, although in some cases they 


approximate each other. 


That the cause of the difference between the calculated and found percent- 


ages nitrified is in part due to 


may be seen by the figures given for these same percentages if the leaves are 


taken at 100 only. These resul 


On the basis of the percentage nitrified in the 


the stimulation brought about by the leaves 


ts prove the importance of studying the nitri- 
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fication of the roots of legumes of this nature. It would be assumed at first 
thought that the fibrous nature of the roots would interfere considerably with 
their decomposition and this would also be assumed for the stems, but not 
for the leaves, while they were still in the green condition. 


Relation of water-soluble nitrogen to rate of nitrification 


In order to examine the cause of these differences in rate of nitrification, 
the water-soluble nitrogen in the parts of the sweet clover and in the entire 
plant were determined by leaching the same weights of samples as used in the 
experiment and determining the nitrogen obtained in the first 25 cc., second 
25 cc., and a third portion of 50 cc. These results are reported in table 4. 

This table shows that 86.6 per cent of the total nitrogen contained in the 
roots is water-soluble, whereas only 37.3 and 33.3 per cent respectively are 


TABLE 4 
Soluble nitrogen in parts of sweet clover tested for rates of nitrification 
| | soLuBtE IN 
| WATER-SOLUBLE NITROGEN | seetaiee aane 
| | SOLUTION 
PART WEIGHT 
| Propor. ing y 
First | Second | Third ir 
25 | Seeat] HOES | owt | etal | rout | otal 
soluble | | soluble 
gm. | mgm. | mgm. | mgm. mgm. |» cent| mgm. | percent 
ME. ctaekeeeaceuN epee 0.532) 10.0 | 2.1 | 0.9) 13. 4 86.6 sa 12.3 | 82.0 
DB oe vic cvexpeseskseee 2088) Si, 2:4) 452) 5: 6 | | 37.3 36.0 
SOMB oes dic casewsowdascnwice 0.435; 2.1] 1:6] 1.3] 5.0] 33.3 | sate 
IE iciucuwexxeseee 0.593, 5.5 | 2.3 | 2.4] 10.1 | 67.3 | 9.2 | 61.3 


water-soluble in the stems and leaves. The entire plant shows 67.3 per cent 
of total nitrogen as water-soluble. This figure for the entire plant is very close 
to the calculated value as obtained from the percentages of water-soluble 
nitrogen in the roots, stems, and leaves. 

It is shown here that the roots of a biennial legume contain about two and 
one-third times as much soluble nitrogen as the stems and about two and one- 
half times as much soluble nitrogen as the leaves, and that this additional 
soluble nitrogen would seem to be responsible for the much more rapid rate 
of nitrification of the roots during the first two months than either the stems 
or leaves yielded. At no time during the eight months period did the nitrate 
production of the stems equal that of the roots. The amount of nitrogen 
soluble in a normal salt solution is also reported in table 3 and shows only slight 
decreases as compared with the water-soluble nitrogen. 

The presence of considerable water-soluble nitrogen in legume crops has been 
studied by several investigators. Osborne, Wakeman, and Leavenworth (5) 
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reported that 44 per cent of the total nitrogen in fresh green alfalfa was water- 
soluble. 

Kraus, Graber, Leukel, and Albert (4) at Wisconsin have found large 
amounts of the total nitrogen of alfalfa roots water-soluble. 

In view of such findings and those reported by the authors, it is apparent 
that rate of nitrification studies must be considered in relation to the nature 


TABLE 5 
Relative rates of nitrification of sweet clover roots and leaves in stirred and unstirred soil 
(15 mgm. nitrogen added per 100 gm. of soil) 


| PROPORTION NITRIFIED 


PART OF PLANT 


1 month | 2 months | 3 months | 4 months | 5 months | 6 months 
per cent per cent per cent per cent per cent | per cent 
Stirred 
OT CUES ee ae Eee 46.7 78.7 ) ak 76.4 69.3 69.3 
WER cane Sen eeu s eau esee es 13.3 61.8 97.8 103.1 113.8 120.0 
Unstirred 
PE cra se ais oe ores eels 31-3 77.8 66.7 70.2 65.3 60.9 
NOI Gross ose arn ees ss oarersre ciara Det 62.7 84.4 96.9 104.4 116.9 
TABLE 6 
Relative nitrification of sweet clover roots, stems, leaves, and entire plant 
WEIGHT OF NITRATE NITROGEN ON ACRE BASIS (WATER-FREE) 
PART OF PLANT 
1 2 3 4 5 6 7 
month | months| months| months} months| months} months} months 
al pounds | pounds | pounds | pounds | pounds | pounds | pounds | pounds 
SA eee Pe 174 297 309 348 360 350 354 350 
PBS is, shel dks aie wide a Siena seesaw 88 111 172 196 220 285 310 324 
MN a oes ss 'a ee ois ie eee Ne oh 105 267 378 398 420 465 450 462 
Entire plant...................| 111 | 249] 260] 296) 318} 360; 350] 360 
SS ERIMRO iors ca cchovece te ieee Stores 90; 111 153 | 160} 180) 205 150 | 144 


of the plant—whether annual, biennial, or perennial—the total nitrogen con- 
tent, the fraction water-soluble, and the nature of the water-soluble fraction. 

The water-soluble portion of the total nitrogen is believed to be responsible 
for the initial rapid rate of nitrification. 

The water-soluble nitrogen must be present in relatively large amounts in 
order to drive the bacterial equilibrium toward nitrate production when 
high-carbon, low-nitrogen, or resistant carbon compounds are _ being 
studied. For example Barthel and Bengtsson (1) have recently reported a 
study of oat straw in sandy soil. The straw used contained 39.61 per cent of 
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soluble nitrogen distributed as 0.154 per cent soluble protein, 0.116 per cent 
soluble amino nitrogen, and 0.02 per cent of ammonia nitrogen. This soluble 
nitrogen content was sufficient to permit the decomposition of the cellulose of 
the straw, but it was not sufficient for nitrification to occur during 4 months. 
Nitrates were produced when the nitrogen in the straw was reinforced with 
42.4 mgm. of nitrogen as ammonium sulfate. This treatment contained 115.4 
mgm. total nitrogen and 69 mgm. water-soluble nitrogen, and the ratio of C to 
N, assuming 38 per cent carbon in the straw, was 32 to1. Even with such con- 
ditions prevailing, the nitrate accumulation was very small—only 3 to 3.7 mgm. 
per kilo at 2 months, and 16.5 to 18.4 mgm. at 4 months. 


TABLE 7 
Relative nitrification of roots and leaves and sweet clover in stirred and unstirred soil 


WEIGHT OF NITRATE NITROGEN ON ACRE BASIS (WATER-FREE) 
PART OF PLANT 


1 month | 2 months | 3 months | 4 months | 5 months | 6 months 


| pounds pounds pounds | pounds pounds pounds 


Stirred 
er 195 | 318 | 320 | 350 | 360 | 366 
| AT ree | 120} 280 | 380 | 410 | 460 | 480 
oS Rann eee rae 90 , 141 | 160 | 178 204 210 
Unstirred 
ee | 174 | 280 | 300 | 320 | 332 | 344 
SMBS ood cacao wceakostnus 96 | 246 | 340 | 380 420 | 470 
| 150 | 162 | 185 | 207 


Soil alone....................... 90 | 105 


Thus the present knowledge indicates that the water-soluble nitrogen frac- 
tions very largely account for the initial rapid nitrification but that they must 
be present in proportionally large amounts of the total nitrogen especially 
when cellulose in the form of mature non-legume crops is present in large 
amounts. 


Relative rates of nitrification in stirred and unstirred soil 


The rates of decomposition of the roots and leaves were tested in connection 
with another experiment and these results are reported in table 5, as they 
support the results given in table 2. A slight, consistent increase in nitrifica- 
tion was found as a result of occasional stirring of the soil. The pounds to the 
acre are given in table 7 and it is still more evident that the roots led the leaves 
the first two months and that stirring increased the nitrate formation. 
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CONCLUSIONS 


1. The roots of the first season’s fall growth of biennial white sweet clover 
although containing a smaller percentage of total nitrogen than the leaves, 
nitrified more rapidly than the leaves and stems. 

2. The high water-soluble nitrogen content of the roots appears to account 
for the early rapid nitrification of the roots. 

3. The rate of nitrification of the whole plant was dominated in the early 
stages by the roots because of the fact that they contained 66 per cent of the 
total nitrogen of the plant and because such a large proportion of this nitrogen 
was water-soluble. 
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INTRODUCTION 


The present report is the second of a series of papers dealing with the bac- 
teria of wind-blown soil. For a general discussion of the problem and a more 
complete list of references the reader is referred to the first report, of the series 
(5) which deals with Arizona soil, as the present paper will present, as briefly 
as possible, the results of a study of dune sand on the Atlantic coast. 


METHODS AND MATERIALS 


As a general rule the same methods were employed as in the first part of the 


work, consequently only deviations will be noted. 


Collection of samples 


The trench method was used for the collection of samples. From the two 
places selected for sampling, the soil was obtained with a brass soil-sampler at 
depths of 6, 12, and 24 inches from the surface. At each location the samples 
were taken across a foot-wide trench and placed in quart jars. The two 
samples for each depth were thoroughly mixed. 


Study of the soil 


The analysis of the soil was made in the same manner as was the arroyo 
soil except that a metal plate was used in the determination of combustible 
material. 


Counting of plates and isolation of forms 


Later work with the batch of plates from which those used in plating the 
24-inch sample had been taken, showed that a few were not sterile, probably 
because of a too-closely packed hot-air sterilizer. Seven of the colonies fished 
from these plates were dim colonies at the bottom of the agar which, when 
cultured, proved to be lactose-fermenting spore-formers. These were con- 
sidered almost certainly to be contaminations and were omitted from the list 
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of isolated forms. The contamination was not great, and as the counts were 
all averages, and given in round numbers, they were considered within the 
range of error. Only those forms which grow aerobically on ordinary culture 
media are considered in this report. Counts are given to the nearest hundred. 


Study of morphology 


Part of the Gram’s stains were made after five days’ and part after two 
weeks’ incubation at room temperature. 


Culture reactions 


The test for fermentation of glucose was made in broth, and of sucrose, in 
gelatin. Litmus milk was used instead of Purple Milk and was made by 
adding distilled water and litmus solution to skim-milk powder. Nitrate 
broth was made by adding 0.2 per cent of KNO; to Difco Dehydrated Nu- 


trient Broth. 


EXPERIMENTS AND RESULTS 
Study of the soil 


Situation. The soil was collected on September 12, 1924 from two slopes 
of a blow-out in the dunes at Sandwich, Massachusetts (plate 1, fig. 1). The 
blow-out ran approximately north and south and the slopes selected faced very 
nearly northeast and northwest (plate 1, fig. 2). 

Rainfall. As no data were available for Sandwich the records for Hyannis, 
about 15 miles southwest of Sandwich, on the south shore of Cape Cod were 
used. These were obtained from the government weather records (6). 


Annual rainfall for Hyannis, Mass. 


inches 

POD eA PA Wee Dae et eh ees eR ROE ORE Rea e REA S ERE ROS 50.48 
Peo eee ace ee Tee we ene ea Renee ceeuansend 48.16 
ee EE EE OTE oe ea ae On a eee reer . 40.34 
OE rp ey cise Ea eisae ena San eh val awiasroaNoen es 39. 63! 
1924 ERE eR ee eis Sete a eae Wolstsae ae 39.08 
SEM SPAS ars biecstvic ae Biya aidany ate Ten Nise eu btE Reet w a eine ate 43.54 


It is interesting to note that, although there had been a gradual decrease in 
precipitation during these 5 years, the average annual rainfall for 29 years 
(1892-1920 inclusive) was 43.69 inches, with a variation from 29.80 inches to 
54.51 inches. 

Size of soil particles. Table 1 shows the sizes of the soil particles for the 
three depths, determined July 31, 1925. 

Water-soluble salts. A preliminary test by the author in August, 1925 


1 The record (31.95 inches) was for 10 months, with January and February omitted. In 
order to get an average annual rainfall for the five years the averages for January and Febru- 
ary for the other four years were substituted for the missing figures. 
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showed such a slight difference in the three layers that the final analysis, in 
the spring of 1926, was made on a mixture of equal amounts of soil from the 
three depths. The results of this analysis are given in table 10.? 

Other Characters. A summary of other physical characters and of the hydro- 
gen-ion concentration of the soil is given in table 2. 


The numbers of organisms in the soil 


In table 3 are given the results obtained from plates poured September 13, 
1924, 24 hours after collection, and counted at the end of a week. As the 


TABLE 1 
Weights of various sized particles in 100 gm. of soil 
DEPTH oe _ 1-2 uM. 0.5-1 mm. 0.124-0.5 mx. Py fey 
inches gm. gm. gm. gm. gm. 
6 0 10.70 65.50 23.40 trace 
12 0 1.80 72.20 25.90 trace 
24 0 3.60 68.00 28.10 trace 
"| Saat 0 SOF 68.57 25.80 trace 
TABLE 2 
Summary of the physical characters and of hydrogen-ion concentration of the soil 
PARTICLES | coMBUSTI-| RELATIVE | oprmmum | 2YDROGEN- 
perma | commune | caracrry | GSES, | uamitian | commence | comtart | SoxcED 
inches per cent per cent per cent per cent per cent per cent 2H 
6 2.44 20.50 23.40+ 0.20 11.90 14.35 6.8 
12 2.56 25.00 25.90+- 0.30 10.24 17.50 7.0 
24 3.63 25.00 28. 10+ 0.30 14.52 17.50 4.2 
Ee 2.87 23.50 25.80-+- 0.27 12.21 16.45 


* By relative water content is meant the percentage of capacity present. 
¢ Optimum water content is taken to be 70 per cent of capacity. 


number of colonies was rather small, it was planned to abandon these plates, 
hence they were not recounted at the end of ten days. It was impossible, 
however, to make a trip to the Cape to secure more sand. Also, according to 
Cutler et al (1), a second collection would probably yield different results. 
Consequently the same soil was plated at lower dilutions. These plates were 
too crowded to count at the end of a week; therefore, a third plating was made. 
There was an appreciable difference in numbers and proportions of forms 
after the two weeks’ storage, consequently it was considered fairer to retain 


2 The chemical analysis was made by Miss Miriam Dice, under the direction of Dr. Mary 
A. Griggs, Associate Professor of Chemistry, Wellesley College, to whom the writer presents 
her sincere thanks. 
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the first count. It is interesting to note, however, that although the actino- 
mycetes remained practically the same, the molds increased and the bacteria 
and yeasts decreased, in general. 


TABLE 3 
Average total count and percentages of organisms in I gm. of fresh soil 


BACTERIA 


75.78 


pera =| onrioss | “Pires | Tora COUNT lee YEASTS 
inches | | per cent per cent percent 
6 '1:1,000 |} | | 
| 1:10,000 i 14 |: 199,900 | 28.25 2.95 68.78 
| 1:100,000 |} | 
12 1:1,000 | 
1:10,000 } 8 49 ,400 | 14.97 1.82 83.40 
24 1:1,000 \ | ‘ 
110,000 |f 8 31,900 | 13.79 1.56 | 89.63 
eer. ae 93,700 | 24.01 | 2.56 | 73.53 
TABLE 4 
The percentages of colonies of various forms found on plates 
DEPTH “oa” TOTAL NUMBER | acTINOMYCETES | FUNGI gnc 
inches | percent =| percent =| percent 
6 14 274 + Bes a 1.09 71.33 
12 8 Ot 19.23 0.96 79.80 
24 8 55 14.54 | 3.63 81.81 
_ | pean 30 433 23.78 1.38 74. 82 
TABLE 5 
Percentages of colored bacteria, or yeasts, on the plates 
oan | TOTAL —— ia en é 
DEPTH NUMBER OF WHITE YELLOW ORANGE | RED | FLUORESCENT 
COLONIES 
inches percent per cent per cent | per cent | percent 
6 89 91.01 0.00 | 1-4zZ 4.49 
12 113 64. 60 7.96 0.88 | 0.88 25.66 
24 116 75.00 12.07 0.86 | 0.86 | 11.20 
—— SS ——$ — ee ————— — _ - 
oe 318 7.23 1.57 0.94 14.46 


The proportions of the various organisms appearing on the plates were 
The number of colonies on the series of plates was 


calculated in two ways. 


counted, irrespective of the dilutions, and the percentages were calculated. 
These results are given in table 4. By the second method, the counts were 
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out a microscopic examination of each colony. 


The numbers of colored colonies were counted on the third set of plates, 
irrespective of dilutions, and are shown in table 5. 
forms predominated. Fluorescent colonies, which formed a large percentage 


TABLE 6 


Numbers of various forms fished for pure cultures 


reduced to number of organisms to each gram of soil and the percentages 
found. These results are given in table 3. Both methods are submitted 
because it is not always clear by which method the percentages reported by 
investigators were calculated. The colonies which lacked the distinguishing 
characteristics of actinomycetes or fungi were considered as “bacteria or 
yeasts,’’ since it was impossible to distinguish between these two groups with- 


As is usual], the white 
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TOTAL NUMBER 


ACTINOMYCETES 


YEASTS 


BACTERIA 


UNDETERMINED*® 


1 


1 


6 
8 
1 


2 


15 


TABLE 7 


* These forms died before their morphology was determined. 


Distribution of color in forms fished for pure cultures 


TOTAL NUMBER 


WHITE OR 
CREAM 


YELLOW OR 


ORANGE 


RED OR PINK 


BROWN 


18 
25 
8 


11 


7 


or © 


51 


25 


showing color by reflected light. 
occurred on three plates suggests the possibility of contamination. 
parison of the proportions of various forms and colors found among the cul- 
tures fished for study with those counted on plates, may be made by checking 
tables 4 and 5 with tables 6 and 7. 


The majority of colonies were fished from the first set of plates. 
cases where dim, bottom colonies were used, the cultures were scrutinized very 


The study of pure cultures 


of the total count on the third set of plates, were not noticed in the first set. 
On the other hand, the first set showed several brown forms. 
forms were almost without exception dim colonies on the bottom of the agar, 
The fact that a large proportion of them 


The fluorescent 


A com- 


In several 
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closely, especially those from the 24inch soil. As has been stated, seven of 
these were discarded as contaminations. 

Morphology. A summary of results of a study of stained material is given 
intable8. It is quite evident from this table that the short rods predominated 
at 6 inches, the cocci at 12 inches,and the spore-bearing long rods at 24 inches. 

Culture reactions. A summary of the culture reactions is given in table 9. 
Three forms which liquefied gelatin very slowly are classified with the non- 
liquefiers. A majority of the 17 cocci were gram positive and failed to fer- 


TABLE 8 
Summary of the morphology of bacteria in pure cultures 


” - | eee LONG RODS | GRAM’S STAIN 

— wai | ———- RODS | 
| Spores | None | Negative Positive 
inches ! per cent | percent | percent | percent | per cent percent 
6 22 | 13.63 68.18 4.54 | 13.63 | 57.14 42.86 
12 26 | 38.46 34.61 | 19.23 | 7.69 | 61.54* | 38.46 
24 13 30.77 | 15.38 | 46.15 | 7.69 | 69.23 30.77 
61 | 27.87 | 42.62 | 19.67 | 9.83 | 61.66 | 38. 34 

* One variable. 
TABLE 9 
Summary of culture reactions after two weeks 
page once ipa pane BACTERIA DIGESTING ee 
DEPTH LITMUSTO | NITRATES TO 
Glucose | Sucrose — | Gelatin | Casein NIERITES 
inches per cent | percent | per cent per cent | per cent per cent 
6 5* 26.31 2/ 12.50; 0| 00.00) 4/ 25.00) 0/| 0.00; 5 | 25.00 
12 7 | 26.92 | 5 | 19.23 | 13 | 50.00 | 19 | 73.08 | 13 | 50.00| 6 23.08 
24 6| 50.00 6| 54.54! 7| 70.00; 8/ 72.72! 7| 70.00} 3| 23.08 
et ees ee — — ee es ee cial 
| } | | | 

Au...) 18 | 31.58 | 13 | 24.53 | 20 | 40.00 | 31 | 58.49 | 20 | 40.00 | 14 | 23.73 


* The record for one form was neutral for glucose, acid for sucrose, and questionably acid 
for lactose. When the discrepancy was discovered, late in the year, the matter escaped at- 
tention until too late to repeat the experiment. The form is classed with glucose fermenters. 
This is the only case of even questionable fermentation of lactose, except in the reasonably 
sure cases of infection, previously mentioned. 


ment sugars, but digested gelatin. Of the 26 short rods, 1 was never obtained 
in pure culture, 12 were gram positive, only 3 fermented sugars, and 7 digested 
gelatin. The 18 long rods were mostly gram-positive spore-formers, which 
fermented sugars and digested gelatin. The non-spore-forming long rods 
were almost exclusively gram-negative, non-fermenters, but varied as to their 
power to digest gelatin. There was no gas formed in any sugar. There were, 
apparently, no dye-reducing forms in the upper layer. With two exceptions 
in the 12-inch layer, those forms which digested casein also reduced litmus. 


Paice See ane 
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DISCUSSION 


In discussing the results here presented and comparing them with those 
obtained for Arizona soil, it must be understood that the work is in the nature 
of a survey. The very nature of the substratum—wind-blown soil—insures 
a constant change of material, and it is to be expected that analyses at intervals 
would show many variations. Consequently comparisons must be general, 
and small differences are not significant. 

The annual rainfall at Hyannis, and presumably also at Sandwich, Massa- 
chusetts, is approximately 3} times that at Tucson, Arizona. This notonly 
affords a more frequently wet substratum, but also leaches salts from the 
soil. This is shown in table 10, in which a very brief summary for all depths 
at both localities is given. 


TABLE 10 
A comparison of the soluble salts and hydrogen-ion concentration for the two soils 


! 


TOTAL 


SOIL REACTION | SOLUBLE COs SO, Cl NOs, ETc. 
SALTS 
pH per cent per cent per cent per cent per cent 
LE OARS SRS © 8.6-9.0 | 0.054 | 0.010 0.012 | 0.001 | 0.035 
NIAGRACHNBCIES S. oi5.5.6 os loces ee end \6. 8-7.2 | 0.007 | 0.005 trace trace | 0.002 
TABLE 11 
A comparison of the physical characters of the two soils 
WATER | WATER RELATIVE | paprictss | COMBUSTI- 
sor CONTENT | CAPACITY aula 0.1 = ww. | insane - 
per cent per cent per cent per cent per cent 
TC ae Sn 2 28 vi 51 2 
PAGMRACNOOOB  o.5555.0s4 sauces eda. oe 3 24 12 trace 0.3 


lt is evident that the Massachusetts soil was much more nearly neutral 
than that of Arizona. In the more arid soil the upper layer was the most 
alkaline, whereas the reverse was true of the more humid soil of the coast. 
Salisbury (4) also found the pH of both frontal and the first high dunes to be 
about 7 at 4 inches from the surface, and to increase with depth. The amount 
of organic matter in Massachusetts dune sand agreed very well with his results 
but there seemed to be much less carbonate present both in Massachusetts dune 
sand and in Arizona arroyo soil than in the Blakeney Point dunes. Kelly 
(3) found the white (ammophila) dunes on the New Jersey coast to have a pH 
6.8 from 15cm. to 60cm. This agrees with the pH of the 6-inch layer in the 
Massachusetts dune, but the pH did not remain constant with depth in the 
latter locality. 

A comparison of the physical characters of the two soils is given in round 
numbers, for all depths, in table 11. The low water capacity, associated with 
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the rather high percentage of fine material in the Arizona soil is puzzling. A 
great deal of time was spent in trying to get more accurate determinations. 
The small amount of the soil remaining had been poured together and an 
analysis of the mixture showed a decided loss of fine material in the process of 
repeated change of receptacles. Much time was spent trying the sedimenta- 
tion method given by Emerson (2) and finally hundreds of soil particles were 
measured by eye-micrometer in the effort to obtain a more discriminating 
analysis. More soil was sent from Tucson,’ from the exact place of the pre- 
vious collection, but the character of the soil had changed in the interim; the 
sandy material had almost all disappeared, leaving the soil clayey in texture. 
A second analysis would not, therefore, be comparable, and it was not possible 
to check the original figures. From these figures the 12-inch soils are the most 
nearly alike in the two areas. 

A comparison of the numbers of organisms found in the three layers of soil 
in the two situations shows that there were about eight times as many in the 
Arizona soil as in that of Massachusetts. The highest number was in the 12- 
inch layer in the former place and in the 6-inch layer in the latter locality. If 
the percentages of different forms be compared for all depths, the Massachusetts 
soil contained only three-fifths as many actinomycetes but twice as many fungi 
as the Arizona soil, whereas the percentage of bacteria and yeasts was only 
slightly greater in the former locality. The surprisingly large number of 
actinomycetes in the arid soil was noted in the previous paper. The fact that 
they increased in the lower layers instead of rapidly decreasing, as in Massa- 
chusetts, is interesting, and not clear from the facts in hand. Yeasts were 
present in both soils. The pure cultures fished from Massachusetts soil 
yielded, upon study, over twice as many as those from Tucson soil. Exclusive 
of the puzzling fluorescent forms previously mentioned, chromogenesis was 
very similar in the two areas, and yellow was probably the most common color. 
No blue, purple, or black colonies appeared on plates from either soil. 

The only noteworthy difference in morphology is that, in proportion, Massa- 
chusetts soil had about twice as many short rods and about half as many long, 
spore-bearing rods as that of Arizona. The cocci and long non-spore-bearing 
rods were about equal in the two areas. Both soils had about twice as many 
gram-negative as gram-positive forms. In Arizona they were chiefly in the 
upper layer and in Massachusetts in the lower stratum. 

There was greater digestive power in the bacterial flora of Tucson, chiefly 
because of the small percentage of digesters in the top layer of the Massachu- 
setts soil. Otherwise the physiological activities were about equal in the two 
areas. In both soils the sugar fermenters increased in the deeper layers and 
there was a total lack of gas producers and a total, or almost total, lack of 
lactose fermenters. 
? The fresh supply of soil was collected and shipped by Mr. Godfrey Sykes of the Desert 


Laboratory of the Carnegie Institution of Washington, Tucson, Arizona, to whom the writer 
presents her thanks. 
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SUMMARY OF THE RESULTS OBTAINED FROM MASSACHUSETIS DUNE SAND 


1. The average annual rainfall for 5 years previous to the collection of the 
samples was 43.54 inches. 

2. The physical character of the soil was quite uniform. The upper layer 
was a little coarser and drier and poorer in organic matter. 

3. Chemically the soil was almost exactly neutral and contained very little 
water-soluble salts. The most abundant of these were the carbonates. 

4. Organisms were most abundant in the 6-inch layer and decreased 
downward. 

5. The average percentages of the three groups of organisms were as follows: 
actinomycetes 24 per cent, fungi 1 per cent, and bacteria and yeasts 75 per cent. 

6. White forms predominated. Yellow, orange, red, fluorescent, and brown 
forms were present. No blue, purple, or black colonies appeared on the plates. 
| 7. Short rods predominated, followed in order of abundance by cocci, spore- 
& bearing long rods, and non-spore-bearing long rods. 
¢ 8. There were almost twice as many gram-negative as gram-positive forms. 
8 9. No gas was formed in sugars, and there were only a few questionable cases 
of lactose fermentation. 

10. Glucose and sucrose were fermented by one-third and one-fourth of the 
forms respectively. 

11. One-half of the forms digested casein and reduced litmus, and two-fifths 
digested gelatin. 

12. About one-fourth of the forms reduced nitrates. 

13. A comparison is drawn between these results and those obtained from 
arroyo soil from Tucson, Arizona. 
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PLATE 1 


Fic. 1. Sand dunes at Sandwich, Massachusetts, looking eastward. This shows the general 
character of the area. 

Fic. 2. The blow-out, or passage made between dunes by wind from Cape Cod Bay. The 
picture was taken looking approximately north. The collections of soil were made from 
bare regions on the two sides of the hollow. 
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Continual or intermittent leaching of soil causes a gradual change in its 
condition as a result of the loss of certain elements important to the mainte- 
nance of fertility, tilth, and soil structure. Soil which is subject to leaching 
over long periods of time is deprived especially of its bases, which results in 
the development of acidity or base unsaturation. 

The loss of plant-food nutrients has been studied by several workers using 
tanks containing soil so arranged that the water percolating through could 
be collected and measured for analysis. Similar studies covering a three-year 
period are briefly reported here. 


LYSIMETER METHODS 


Early in 1920, eight concrete tanks were constructed and filled with soil. 
Four of the tanks were filled with Willamette silt loam, a soil of fairly heavy 
texture though open in structure, having well developed drainage and good 
productivity. The remaining four tanks were filled with Dayton silty clay 
loam, a heavy soil with restricted drainage, low productivity, and a character- 
istic compact layer below the surface horizon. Soil from each 6-inch layer 
was kept separate and packed in the tanks in its natural position and volume. 

In each series one soil tank is used as a check, a second is treated with lime, 
a third is treated with lime and manure, and the remaining tank is treated 
with manure alone. The rate of manure application is 20 tons to the acre 
and that of lime is 3 tons. 

In the fall of 1921, the year the tanks were filled, each tank was planted to 
oats. Since then the cropping history has been barley, clover, barley, vetch, 
and vetch. 

The soil was allowed to settle for a period of three years before chemical 
determinations of the plant nutrients were made. This was done in recognition 
of the fact that the breaking up and aeration of the soil affect the amount and 
composition of the percolate. 


1 Abstract of thesis presented in partial fulfillment for the Degree of Master of Science. 

2 The writer wishes to express his appreciation for the helpful suggestions and criticisms 
given by Dr. W. L. Powers, under whose direction this work was conducted, and to Dr. 
R. E. Stephenson for assistance in analytical methods and helpful criticisms in preparation 
of this manuscript. 
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AMOUNT OF PERCOLATE 


The amount of percolate received from the lysimeters depends upon amount 
and distribution of rainfall, crop grown, wind, temperature, soil type, treat- 
ment, and other factors. The yearly average rainfall for Corvallis is 42.4 
inches, of which 45 to 77 per cent percolates through the soil, depending largely 
on the distribution of the precipitation. 

The more open Willamette soil gives a greater loss of percolate than does 
the heavier silty clay loam. Applications of lime and manure to these soils 
cause a slight increase in the amount of percolate. Treatments of manure 
give the largest percolation loss. The increased loss of drainage water due 
to such materials results from increasing the porosity of the soil and from 
improvement of the soil structure. 


COMPOSITION OF THE PERCOLATE 


During seasons of light and well distributed rainfall, the first few liters of 
percolate in the season may represent fairly closely a displaced soil solution. 
The early rainfall causes swelling of soil particles and closing of channels. 
Later precipitation causes displacement of the soil solution which may com- 
pare favorably in composition with that obtained in the laboratory displace- 
ment on the same soil type. 


Willamette Silt Loam 


| oN Ca SO. | P | K 
p.d.m p.d.m. D.D.m. p.p.m. p.p.m. 
Displaced soil solution?..............| trace 45.0 17.0 4.0 11.0 
I entree ansiewawndd | 21.8 | 36.5 11.5 1.3 | 11.4 


The concentration of the percolate decreases in total parts per million as 
the leaching period advances, until the lowest concentration of the season is 
reached during the month of February. 


REMOVAL OF CALCIUM 


Calcium is lost in amounts greater than any other plant-food element. 
The check tank of the heavy Dayton soil gives an outgo equivalent to 71.1 
pounds yearly loss of calcium, due to leaching. The amount of calcium lost 
is less than that observed by Lyon and Bizzell (2), McIntire (3), Hall, et al. 
(1), and others. This may result because the soils studied are low in calcium. 
Lime and manure treatments cause nearly double the loss of calcium when 
compared with the check tank, whereas treatments of lime alone and manure 
alone cause increases only during the percolation period following such 
application. 


* Powers, W.L. Studies with sulfur in relation to the soil solution. Unpublished. 
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TABLE 1 
Loss of nutrients in percolate 
WILLAMETTE SILT LOAM | DAYTON SILTY CLAY LOAM 
YEAR Lysimeter Treatments 
Check L+M M L L M L+M Check 
1 2 3 4 5 6 7 8 
Nitrates N* 
1923-1924 25:52 41.52 | 41.34] 39.44] 21.04] 40.00] 29.56| 22.76 
1924-1925 25.88 | 62.48 | 53.76] 62.30] 63.36] 56.32] 64.96 | 57.36 
1925-1926 26.60 | 56.7 44.28 | 33.60} 32.32 | 40.48 33.40 | 26.04 
Calcium Ca* 
1923-1924 55.56 | 69.40 | 58.12 44.40 | 32.76} 35.12 49.20 | 65.84 
1924-1925 61.58 | 115.96 | 113.04 | 113.96 | 90.16 | 83.84 | 134.84 | 96.76 
1925-1926 81.24 | 202.88 | 101.68 | 160.84 | 162.12 97.20 | 234.60 | 50.92 
Sulfates SO.* 
1922-1923 1.15 42.33 58.56 | 22.88 
1923-1924 13:40 | 25.36} 31.12 42.12 | 37.24| 58.82 | 92.40} 40.12 
1924-1925 49.80 | 116.88 | 109.36 | 90.36} 92.56 | 120.92 | 106.32 90.48 
1925-1926 25.56 | 558.92 | 45.48 | 263.56 | 468.00 | 32.80 | 360.80 | 33.04 
Phosphorus PO 
1925-1926 | 4.80 | 2.00 | 2.28 | 1.60 | 1.60 | 1.24 | 2.68 | 3.60 
Potassium K* 
1923-1924 10.40 12.92 14.24 10.90 11.16 14.48 13.80 | 9.96 
1924-1925 23.68 48.88 35.80 32.16 40.24 45.60 34.36 26.24 
1925-1926 13.16 | 33.92 23.76 | 27.04 26.24 27.16 24.96 15.48 
Magnesium M g* 
1925-1026 | 21.20 | 41.88 | 22.60 | 38.68 | 23.28 | 30.32 | 30.32 | 23.40 
Total Leachingst 
1922-1923 12.67 24.06 | 28.63 27.64 
1923-1924 6.90 12.61 17.10 14.54 12.03 16.50 16.36 13.34 
1924-1925 20.55 | 39.18 | 37.87 | 37.05 | 34.02] 36.08 | 35.40 | 33.62 
1925-1926 12.85 17.42 17.56 16.21 16.00 15.70 17 242 16.20 


| 


* Pounds to the acre. 


{t Inches. 
L = lime. M 


= manure. 
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REMOVAL OF NITROGEN 


Nitrates are lost from the two soils at the rate of 25 to 35 pounds from each 
acre annually when the soils are cropped. The Willamette loses more nitro- 
gen than the Dayton soil. The lime and manure treated tank of this series 
lost 53.5 pounds of nitrogen from each acre. Treatments on the Dayton soil 
produce a smaller loss of nitrogen than do the same applications on the Willa- 
mette soil. Miller (7) reports a loss of 31.4 pounds of nitrogen from each 
acre; Lyon and Bizzel find a smaller total loss; whereas McIntire reports a 
greater loss of nitrogen from lime treated tanks (6). Nitrates are found in 
large quantities during the fall season when the first leachings are received. 
The amount decreases gradually until February when it reaches its lowest 
concentration. 


REMOVAL OF SULFATES 


The amount of sulfates lost from the check tanks seems to vary quite regu- 
larly with the total rainfall. The check tank of the Dayton series gives a 
3-year average loss of 54.5 pounds of SO, from each acre. Applications of 
manure and lime materially increase loss of this element. The heaviest loss 
of sulfate occurs following application of fertilizing materials. In case of the 
lime treated tank of the Dayton soil and the lime and manure treated tank of 
the Willamette soil, the loss is more than 10 times the amount normally 
removed. The loss of sulfate increases to somewhat the same extent as the 
calcium loss, indicating that a portion at least is lost as dissolved calcium sul- 
fate. McIntire (4) and Lyon and Bizzel (2) report much the same loss of 
sulfate as is found at this station. Sulfate is supplied to the soil at the rate of 
3 to 10 pounds to the acre in Western Oregon rainfall, which therefore falls 
far short of compensating the loss by leaching. 


REMOVAL OF POTASSIUM 


The postassium loss is not large when compared to the great supply in the 
soil. The two soils lose much the same amount of potassium each year. An 
average annual loss of 15.7 pounds from the check plot of the Willamette soil 
is only slightly more than that from the heavier Dayton soil. Applications of 
of lime and manure increase the loss on the average about 10 pounds from 
each acre. The increase in potassium lost by leaching from the lime treated 
tanks is in direct contrast to that recorded by McIntire, Shaw, and Young 
(5), but agrees well with results obtained by Peck (8). 


REMOVAL OF PHOSPHATE 


Phosphate has been found in only minute quantities in drainage waters, as 
reported by other workers. At Rothansted, a mean-annual loss of 2 pounds 
from each acre is reported. The check tanks here reported lost 4 pounds of 
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PO, from each acre, as a result of one year’s observation. Lime and manure 
treatments alone and in combination depressed the loss of phosphate to less 
than half that of the check plot. 


REMOVAL OF MAGNESIUM 


This base is lost from the check tanks in about the same chemical equiva- 
lents as potassium. The rate of loss through leaching is from 20 to 25 pounds 
from each acre yearly. Lime and manure treatments on the Willamette 
series double the loss of this base when compared to the check tank. Lime 
seems to be the cause of this increase. A replacing of the magnesium by the 
calcium ion probably occurs in the soil. The manure treatment of the Dayton 
series increases the loss of magnesium 7 pounds to the acre. 


GENERAL DISCUSSION 


From these lysimeter studies it is noted that the Willamette silt loam soil 
loses more plant nutrients in the percolate than does the heavier compact 
Dayton silty clay loam. In spite of this increased loss, the Willamette silt 
loam is much the better soil, measured by crop producing power. The differ- 
ence in loss of nutrients and crop producing power of these soils is probably 
due to differences in physical condition and in the nature of the colloidal 
complexes. The Dayton is a very heavy soil with a very high content of 
colloidal clay, which has been concentrated in the subsurface horizon by 
leaching. 

Of the nutrients lost by drainage, nitrogen and calcium are the only ones 
likely to become limiting factors in crop production. The constant removal 
of calcium by leaching is probably accompanied by replacement with the 
hydrogen ion, thus resulting in a base unsaturated soil that is acid. Finally 
such reactions may result in a calcium-poor soil, which will be of low produc- 
tion until lime is applied. 

Such humid soils may be protected by cover crops or managed so that a 
minimum loss of bases and nitrogen occurs. Occasional applications of some 
of these elements, however, may be necessary to keep up permanent fertility. 


SUMMARY 


1. Under moderate weather conditions the first percolate approximates a 
displaced soil solution in chemical composition. 

2. Applications of lime and manure, alone and in combination, increase the 
loss of total leachings and the plant nutrients, Ca, Mg, N, SOu, and K. 

3. The calcium ion is lost in larger amounts than any other one nutrient. 
An average of 65 to 70 pounds is lost from each acre each year. 

4. Nitrates are lost at the rate of 25 to 30 pounds from each acre each year. 
Lime and manure treatments nearly double the amounts lost by leaching. 


W. M. HIGBY 


5. Normally sulfate is lost at the rate of about 50 pounds from the acre as 


SO,;. The loss is larger from tanks treated with lime the previous season. 


6. Magnesium and potassium are lost at rates of 23 and 16 pounds from 


each acre each year. Lime and manure treatments increase the losses. 


7. Phosphate is lost in small amounts from check tanks (4 p.p.m. of POs). 


Lime and manure treatments decrease the loss of this element. 
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REPLACEABLE BASES IN SOME OREGON SOILS 


R. E. STEPHENSON 
Oregon Agricultural Experiment Station 


Received for publication September 8, 1926 


Base exchange has been recently critically studied and its application ex- 
tended to numerous and varied soil conditions. To date, however, no one has 
presented such data for the basaltic soils of the Pacific Northwest. Since the 
origin of these soils might prove to be responsible for a difference in their phys- 
ical and chemical behavior, a study of their base exchange properties may be 
of interest. 

The term “replaceable base” as used in recent work by Kelley (7), Scoffield 
(11), Gedroiz (3, 4), Hissink (5), and others refers to a rather definite exchange- 
able quantity of the cations of which Ca, Mg, Na, K, and NH, have been con- 
sidered most important. More recently (6, 8, 9) the scope of the reaction has 
been extended to include, with a great deal of significance, the cation H, in 
connection with soil acidity problems. The cations, Al, Fe, and Mn also are 
of some importance in consideration of this latter problem. 

Under proper conditions any one of these cations may replace at least part, 
and in many cases all, of the other cations which are held in the exchange com- 
plex. Exchange reactions of this type brought about under conditions of na- 
ture are responsble for deep seated soil changes. With limited rainfall, alkali 
soils may be produced; where rainfall is abundant, base-poor acid soils are pro- 
duced; whereas with proper balance between rainfall and evaporation the 
tendency is to maintain soils rich in essential bases but about neutral in 
reaction. 

Climatic conditions alone, however, perhaps do not in most cases rapidly 
bring about seriously harmful conditions. Thus the formation of alkali is often 
brought about more directly by seepage from higher areas or from poor drainage 
and a high water table, which favors the accumulation of harmful sodium salts 
that function in exchange reactions to produce alkali soils. Methods of farm- 
ing and soil conditions in the humid areas which favor leaching, on the other 
hand, lead to the production of base-poor acid soils. 

The development of methods for the quantitative measuring of the amount 
of the different replaceable bases, of replaceable hydrogen, or of the degree of 
saturation or unsaturation is of great importance agriculturally in both acid 
and alkali regions. The method of Kelley (6), for determining replaceable base 
has proved quite satisfacory. The acid hydrogen ion is more difficult to re- 
place, and there is some question whether methods yet devised and published 
measure this cation on a quantitative basis. 

of 


58 R. E. STEPHENSON 


In the study of California soils Kelley (7) has made three divisions; namely, 
normal soils which are non-acid and non-alkaline, alkali soils, and acid soils. 

Oregon! has representatives of all the various groups of soils. Representing 
the acid soils, which are quite prevalent in the Willamette Valley, are the Waldo 
Silt Loam, Willamette Silty Clay Loam, Dayton Silty Clay Loam, and Carlton 
Silt Loam. The Antelope Clay Adobe and the Union Loam are from the sec- 
tion where neutral soils predominate. The Klamath Sandy Loam, Deschutes 
Sandy Loam, Hermiston Sandy Loam, and the Madiera Sandy Loam of Cal- 
ifornia are representative of areas where alkaline soils frequently occur though 
none of these are more than slightly alkaline. 


TABLE 1 
Replacable bases as percentage of dry soil 
SOIL USED | Ca Mg K Na pH 
| 
| 
eS 0.0357 | 0.0182 | 0.0095 | 0.0255 4.8 
2. Willamette Silty Clay Loam.......... | 0.3654 | 0.0016 | 0.0102 | 0.0381 6.5 
3. Willamette Silty Clay Loam.......... | 0.2176 | 0.0230 | 0.0089 | 0.0110 6.5 
4. Dayton Silty Clay Loam............. | 0.1057 | 0.0122 | 0.0095 | 0.0501 i | 
5. Dayton Silty Clay Loam............. | 0.2496 | 0.0284 | 0.0024 | 0.0149 
A Te | ee | 0.2000 | 0.0113 | 0.0041 | 0.0122 6.1 
Dry Farm Section 
7. Antelope Clay Adobe. ............... | 0.8328 | 0.1827 | 0.0062 | 0.0303 12 
8. (Swampy) Union Loam.............. 0.6464 | 0.1278 | 0.0125 | 0.0026 6.5 
Arid Soil Section 
9. Klamath Sandy Loam............... 0.1419 | 0.0093 | 0.0095 | 0.0501 7.0 
10. Deschutes Sandy Loam.............. | 0.1383 | 0.0045 | 0.0138 | 0.0401 7.0 
11. Madiera Sandy Loam................ | 0.0400 | 0.0025 | 0.0021 | 0.0167 | 7.3 
12. Hermiston Sandy Loam.............. 0.1248 | 0.0202 | 0.0041 | 0.0243 7.6 


DISCUSSION OF RESULTS 


The data in table 1 show soil 1 of the acid group to be relatively low in re- 
placeable calcium. The soil has a very high lime requirement and field ex- 
periments have shown a ready response to limestone treatments. No doubt 
soils very low in replaceable calcium may need applications of limestone to 
supply lime as a plant-food for legumecrops. Such soils according to Kelley 
(7) may be of low productivity until the lime deficiency is made up. 

Soils 2 and 3 are representative of the good valley soils. They run ncticeably 
high in replaceable calcium—-several times that of soil 1. These latter soils 


1 The soils used in this study were suggested by Dr. W. L. Powers, as especially suitable 
for the purpose. 
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also show relatively small response to lime in field work, but seem capable of 
sustained high production when given proper care. 

Soil 6 is only a fair upland formation, inclined to be wet and heavy, largely 
because of seepage from higher areas. It is, perhaps, not deficient in replace- 
able calcium, and only moderately acid. Soils 4 and 5 on the other hand, are 
rather old formations of the valley-filling series in which a very heavy subsoil 
interferes with successful production of crops. The content of silt and clay is 
high and the infiltration of finer material from the surface has resulted in a very 
heavy and close subsoil. The colloid content of this heavy layer, though no 
analyses are available, no doubt runs very high. The content of fine material 
is such that under field conditions the lower horizon never dries beyond the con- 


TABLE 2 
Reaction values 


SOIL Ca Mg K Na TOTAL 

A WRI SUC OGEI 5,66 Sic cies sieeeaee 17.81 | 14.96 | 2.43 11.09 | 46.29 

2. Willamette Silty Clay Loam.......... 182.33 1.32 | 2.61 16.57 | 202.83 

3. Willamette Silty Clay Loam.......... 108.58 | 18.91 | 2.28 4.79 | 134.56 

4. Dayton Silty Clay Loam............. 52.74 | 10.03 | 2.43 21.79 | 86.99 

5. Dayton Silty Clay Loam............. 124.55 | 23.34] 0.61 6.48 | 154.98 

6. ‘Carlton Sit Wea soso so sa0 608 6-5501018 99.80 9.29 | 1.05 5.32 | 115.45 
Dry Farm Section 

7. Antelope Clay Adobé:.......5.55.4..005. 415.57 | 150.18 | 1.59 13.18 | 580.52 

8. (Swampy) Union Loam.............. 322.55 | 105.05 | 3.20 1.13 | 431.93 
Arid Soil Section 

9. Klamath Sandy Loam............... 70.81 7.64] 9.42 19.23 | 107.10 

10. Deschutes Sandy Loam.............. 69.01 310) 3:45 17.53 | 93.68 

11, Madiera Sandy Loam::.:.:..0026:00.4 660 19.96 2.06} 0.54 7.26 | 29.82 

12. Hermiston Sandy Loam.............. 62.22 | 16.60} 1.05 10.57 | 90.49 


sistency of putty even in the driest summer. These soils run lower in replace- 
able calcium than soils 2 and 3. Soil 5, however, is well supplied with this 
element and physical conditions are probably dominating factors in determin- 
ing production. In field work these soils show response to limestone. 

The replaceable potassium does not vary to any extent in the valley except 
in soils 5 and 6. There are some variations in replaceable sodium, but under 
humid conditions such variations have little significance. The replaceable 
magnesium seems to vary somewhat inversely as the replaceable calcium. The 
average amount of replaceable magnesium is very much less than the average 
amount of replaceable calcium. 

Soils 7 and 8 represent the dry farm section of the state. Both soils run high 
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in replaceable calcium and magnesium, which may be considered somewhat 
characteristic of good neutral soils. The amount of these elements is from 2 to 
10 times the amount found in soils of the acid humid area. It is not essential, 
however, that magnesium should vary with the calcium. The amount of re- 
placeable potassium and sodium is quite similar to that of the valley soils. 

The soils from the arid section of the state and soil 11, which is from Califor- 
nia, are all good soils. None of the soils, therefore, represent the condition of 
serious alkalinity. Apparently the good neutral or approximately neutral soils 
of the arid section do not differ widely from those of other sections. The re- 
placeable calcium, is however, lower than in the dry farm section, and some- 
what lower than in the best valley soils. 

Table 2 is a general summary expressing the various cations in equivalents 
with totals summarized in the last column. The soils of the acid group seem to 
run lower in total replaceable bases than do the soils of the neutral section. 
This is markedly true of the most acid soil. Since calcium is the base of domi- 
nant importance in acid soils, as well as perhaps in all good soils, it is logical to 
expect a heavy replacement and loss of this cation in the development of acidity. 
It is perhaps more important to maintain an ample supply of calcium than of 
any ionin the exchange complex. Either the exchange of calcium for hydrogen, 
resulting in acidity, or the exchange of calcium for sodium, resulting ultimately 
in serious alkalinity, is quite undesirable. 

The soils from the arid section run rather consistently lower in total replace- 
able bases than from any section, perhaps largely due to the texture of the soils. 
The soils of this group are all sandy loams and are consequently low in colloidal 
material, which functions in absorption and exchange reactions. Both soils 
from the dry farm area on the other hand run high in colloidal material, as one 
is adobe and the other high in organic colloids. To this extent there seems to 
be a correlation between soil type and total replaceable bases. 

In every case except soil 1, which has a lime requirement of nearly 6 tons by 
the Burgess (2) modified calcium acetate method, calcium is equal to more than 
50 per cent of the total replaceable bases. By leaching this latter soil with 2 
per cent calcium acetate until no more titratable acidity was removed it was 
possible to remove acid equivalent to 0.296 per cent of calcium. In other words, 
it is possible in this soil to replace hydrogen equivalent to nearly 8} times the 
replaceable calcium that now remains, a condition which, no doubt, explains its 
ready response to applications of limestone. No other soil used shows the high 
acidity or the marked field response to liming. 


GENERAL DISCUSSION 


A casual consideration of the question might perhaps lead to the conclusion 
that there should be no definite amount of any of the cations that exist in re- 
placeable form. All soil minerals are soluble to some slight extent and many 
perhaps participate in replacement reactions to some slight extent. 
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Present information, however, indicates that there is a more or less definite 
fraction of the soil variously denoted as the “absorption complex,” “zeolitic” 
fraction from its supposed similarity to the zeolite minerals, “base exchange 
silicate” fraction, “exchange complex,” etc. At present the exchange complex 
apparently is identical with the colloidal fraction in that it is part of the colloidal 
complex of soils. It is unnecessary, perhaps, to distinguish between organic 
and inorganic complexes as seat of the exchange reaction, for both are colloids 
and both are responsible for exchange reactions. 

It is probable, however, that organic colloids are especially effective in con- 
serving calcium, as calcium humates are relatively insoluble. Compounds of 
humus with sodium, potassium, and ammonium on the other hand are soluble 
and are either leached or help to destroy the desirable crumb structure of the 
soil. Calcium in organic combination therefore is not only itself conserved but 
helps also to conserve organic matter and to maintain a satisfactory physical 
condition in the soil. 

Since colloids are much more reactive than is the coarse mineral portion of 
the soil, except where carbonates or other accumulations interfere, the coarse 
minerals may be practically disregarded in any immediate reaction. The first 
reaction in the decomposition of the native soil mineral which represents source 
material for the formation of soil colloids is, no doubt, one of hydrolysis, accom- 
panied by either peptization or flocculation of the colloids thus formed. 

A mineral fragment as it exists in the soil, normally is angular in shape, very 
hard, and very slightly or slowly soluble. The soil colloid on the other hand ex- 
hibits no definite shape or form, has no characteristic hardness, and is of rela- 
tively high solubility. Though a colloid in a mass represents great molecular 
size and complexity, the same colloid in the soil solution no doubt, represents 
a high degree of peptization and dispersion. It is this property of the colloid of 
passing into a highly dispersed form that gives it its relatively high reactivity. 
That much of the mineral portion of the soil probably has a protective coating 
of colloid, is an additional reason for considering the colloidal fraction of the 
soil as the source of the major immediate reactions effecting the supply and re- 
plenishment of ions in the soil solution, whether by exchange reactions or by di- 
rect solution. 

The total quantity of exchangeable base in the soil therefore should represent 
the total base in certain colloidal combinations, and the quantity should show a 
rather constant value when replaceable hydrogen is included as one of the re- 
placeable cations. At least the quantity value for replaceable base should be 
as constant as the total amount of colloidal material, which, it may be presumed, 
varies little from year to year, except as very long intervals are compared. 

The exact identity of the colloidal silicates of the soil has not yet been estab- 
lished. The terms “colloid’’ and “clay fraction” are somewhat, if not entirely, 
synonymous. Clay has long been considered a mixture of many different com- 
pounds. Bradfield (1) and others conclude that colloids are mixtures of sili- 
cates of considerable complexity together with colloidal aluminum, iron, silicic 
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acids, and organic matter. In alkali soils the colloid fraction would doubtless 
include a goodly amount of sodium silicate and some sodium humate. 

Renick (10) suggests that compounds belonging to the Leverrierite group are 
probably an active source of replaceable base. This group of compounds is 
clay-like in its characteristics. Different clays vary widely, however, in the 
amount of replaceable bases, no doubt because of variations in composition and 
of different degrees of unsaturation that may exist. 

No one has yet reported a study of replaceable bases in colloids isolated from 
soils.2 Study of analyses shows that colloids average much higher in essential 
cations than ordinary soils, and indicates how small a percentage of the total 
colloidal bases are replaceable. Neither has it been definitely decided whether 
the replaceable portion of the colloids differs chemically from the non-reactive 
portion. Possibly replacement may occur only on the surface of colloidal 
clumps. If so, total replaceable base should be a function of dispersion, which 
is possible. It seems more likely, however, that definite chemical composition 
is essential to the replacement reaction. Complete saturation is that condition 
in which the colloid holds all the replaceable base that it is capable of holding. 
When part of the bases have been replaced by hydrogen, the soil is unsaturated 
as to replaceable base to the extent of the hydrogen replacement. 

It has been asserted by some investigators that the base exchange is a physi- 
cal phenomena in which the exchangeable base is held by adsorption forces. 
Adsorption is conceded to be a surface phenomenon whether physical or chemi- 
cal. Formerly adsorption was considered to be due entirely to physical forces. 
At the present time evidence indicates that it is largely if not entirely chemical, 
or that it is unnecessary to make a distinction between physical and chemical 
forces in such reactions. Ordinary soil minerals are attacked chemically only 
at the surface or interfacial contact with the soil solution. Such reactions go 
slowly for the most part no doubt. The colloidal particle on the other hand, 
because of very small size and infinite surface per unit weight while the reaction 
is limited to points of interfacial contact, goes on with relatively great aggregate 
rapidity, though the rate of reaction per unit area of surface may be the same as 
for coarse particles. It would seem, therefore, that the term “adsorption” 
gives little explanation for any reaction occurring in soils which may not better 
be explained upon a purely chemical basis. Truog (12), Bradfield (1), Kelley 
(8), and others have emphasized this point. 

There is, however, no consistent relation between physical composition and 
the amount of replaceable base in any similar group of the above soils. The 
six acid soils are all noticeably heavy in texture, relatively high in content of 
clay and silt and presumably of colloids, and yet they vary widely in amount of 
replaceable base. The neutral soils are rather coarse in texture, and yet some 
of them carry more replaceable base than some of the acid soils. The relative 


2Since this article was written, a very excellent paper has appeared: ANDERSON, M. S., 
AND Mattson, S. 1926 Properties of the colloidal soil material. U.S. Dept. Agr. Dept. 
Bul, 1452. 


4 
? 
4 
i 


ssc Sela 


Sry 


etgites CHAS. 


- " somes ” 
BRS ie DeSeEe ERRATA BE IDES CALE SE 


apkoynt 


PEM FO: mi, rR AI 


Ae SF eoper et seeeine 


ie an Aaah REM, 


REPLACEABLE BASES IN SOME OREGON SOILS 63 


totals of replaceable base, and the ratios of the different elements evidently de- 
pend much more upon exchange reactions, the substitution of hydrogen for 
basic ions, and leaching during past ages, than upon mechanical composition. 
This is markedly illustrated in comparing soils of arid, semi-arid, and humid 
conditions. The geologic origin and basement of the soil also is no doubt a 
quite important factor. 

In the humid section, nature no doubt operates to renew worn soils by erod- 
ing and removing the base-poor acid surface, thus allowing new complexes to 
form with a renewed supply of bases. Much can also be done in the manage- 
ment of soils to prevent unnecessary leaching. Farmers find it urgent to grow 
cover crops, and thus protect the soil at all times from unnecessary loss. The 
increased use of fertilizers and soil amendments also protects the soil, when in- 
telligently done. 

To a much greater extent in arid sections is prevention desirable and perhaps 
more effective than “‘cure’’ for alkali troubles. The reclamation of the most 
seriously alkaline soils is not yet possible on a practical basis. The prevention 
of alkali formation in the now good soils, on the other hand, is practicable and 
advisable by proper drainage and subsequent soil management. 


SUMMARY 


1. Acid soils are likely to be low in replaceable calcium, because of exchange 
of hydrogen for calcium and loss of the latter element by leaching. 

2. The heavier soil types probably have greater base exchange capacity, but 
not necessarily a larger amount of replaceable bases. 

3. Neutral soils tend to run high in percentage of replaceable calcium, which 
is the dominant replaceable base in both amount and function in good soils. 

4. Soil alkalinity results from exchange of sodium for calcium. Conse- 
quently alkali soils are abnormally high in exchangeable sodium, which causes 
the alkalinity. 

5. Bothsoil acidity and alkalinity can be retarded, if not practically prevented 
by proper soil management. 
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In soil survey and extension work it is often desirable to have a more precise 
idea of the organic matter content of a soil than a mere guess based upon color 
and texture, although the importance of the knowledge or the care taken in 
securing a sample may not warrant a determination by the standard methods. 
The following approximate method may be carried out in 10 minutes and 
appears capable of furnishing useful results. It is based upon the well known 
wet combustion method for total carbon in soil, and upon the commonly 
accepted average of about 50 per cent carbon and 5 per cent nitrogen in the 
organic matter of the usual soil types. 


SOLUTIONS REQUIRED 


The solutions required are prepared as follows: 

Saturated potassium dichromate in concentrated sulfuric acid. Pulverize 20 
gm. of the pure salt, add slowly with constant stirring to 1 liter concentrated 
sulfuric acid. Let stand for a week or more, closely stoppered, until the 
insoluble matter has settled out, and decant the clear solution into a glass 
stoppered bottle for preservation. If needed at once, the solution may be 
filtered through asbestos on a Buchner funnel, but it may deposit chromic acid 
after filtration. The solution is about 0.35 normal in oxidizing power. It 
is not perfectly stable on standing, however, and a blank should be run oc- 
casionally. 

Fifth-normal ferrous ammonium sulfate. Dissolve 39.3 gm. of good quality 
crystals in water containing 10 cc. concentrated sulfuric acid and make to 
500 cc. The solution keeps very well if protected from the air, but should not 
be used if the normal greenish tint has changed noticeably. 

Diphenylamine indicator. Dissolve 0.5 gm. in 100 cc. concentrated sul- 
furic acid; pour carefully into 20 cc. cold water. This is the formula in general 
use as a qualitative test for nitrate. 


PROCEDURE 


Weigh 0.5 gm. air-dried and finely crushed soil, transfer to a large dry 
Pyrex test tube (the stock size 150 by 25 mm. is convenient). Add from a 
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pipette 10 cc. chromic acid solution, letting the acid run down the sides of the 
tube to wash down any particles of soil. Stir carefully with a thermometer 
and heat with constant turning and stirring over a low flame until the tempera- 
ture reaches 175°C., which should require about 90 seconds. Cease heating 
at once. The heat in the glass will probably raise the temperature a little. 
Let the solution in the test tube cool 1 minute in the air, after which it is safe 
to cool Pyrex test tubes in water. Pour the cooled solution into 150 cc. tap 
water in a 400-cc. beaker, then fill the tube twice with tap water, emptying 
each tube full into the beaker. Add a few drops of the diphenylamine solu- 
tion, which should produce a deep rich blue color, although the characteristic 
deep blue often appears only after the titration is started. Titrate with the 


ra 


b. 


\ 


o 


x" 


c¢.¥tron Solution Equivalent to Organic Matter 


4 
s 
3 
74 ° x Carbon 
2 © Bitrogesa 
1 
© 4 6B Percent Carbon 


02 .05 .04 .08 .06 .07 .08 .09 .10 .12 .18 Percent Nitrogen 
4 6 © 10 1 4 6% 6 280 #8 2% Organic Matter 


Fic. 1. GrapH SHOWING RELATION BETWEEN REDUCTION OF CHROMIC ACID AND ORGANIC 
MAtTTer CONTENT oF 0.5 Gu. SoIL 


iron solution until the pure blue fades to a muddy greenish blue, which is the 
proper end point.' Deduct the reading from that secured in a blank experi- 
ment without soil: the difference is equivalent to the organic matter in the 
sample, which reduced a part of the chromic acid. With 0.5-gm. samples 
high in organic matter, the latter is not always completely oxidized, even though 
some chromic acid remains. If only a cubic centimeter or so of the iron 
solution is required in the titration, a repetition of the procedure with a smaller 
sample is advisable. 

It is probably best for each operator to standardize his procedure and deter- 
mine the value in organic matter of his solutions by a series of determinations 


1 On the use of diphenylamine as an internal indicator for oxidation-reduction reactions, 
see Knop, Jour. Amer. Chem. Soc. 46 (1924): 263; Furman, Jour. Indus. Eng. Chem. 17 
(1925): 314. 
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on soils of known carbon content, of the same character as those with which 
he expects to work. The results secured may be plotted as in figure 1, and 
most of the calculations for subsequent determinations avoided, as the content 
of organic matter in 0.5-gm. samples may be read direct from the graph. If 
the sample in a particular case is not 0.5 gm. the result as read must be multi- 
plied by the proper factor. 


RESULTS 


As an illustration of the results obtainable from this procedure when used 
with soils of the same type but varying in organic matter content, a series of 
10 samples of surface soils representative of the entire range of several hundred 
samples from plots at this Station were run and the results plotted as shown 
in figure 1. In this figure, cubic centimeters of fifth-normal iron solution 
equivalent to organic matter in the sample (i.e., blank titration minus titra- 
tion with each 0.5 gm. sample) are represented by distance above the horizontal 
axis and percentages of organic carbon by furnace combustion corrected for 


TABLE 1 
Known nitrogen and carbon content of soils and carbon content indicated by short method 
wsasiesbnencenpiiic’ INDICATED CON- 
—— : TENT OF CARBON 
Nitrogen Carbon 
per cent per cent per cent 

Muck, OSL. O77 a aR ge OP 1.04 13.40 15.0 

LU C1 A OB) ee ae 0.11 1.33 1.3 

MOK CIRY (0100 GN 66 5.65 oss oie Moecinnecvdean 0.31 3.53 3.6 


inorganic carbon and of nitrogen by the Kjeldahl method, and estimated tons 
of organic matter to the acre 7 inches of surface soil, are represented by dis- 
tances from the vertical axis. As may be seen, a straight line can be drawn to 
fall near all the points representing carbon contents, indicating that the pro- 
cedure is of reasonable accuracy throughout the entire range of carbon con- 
tents. The points representing nitrogen contents do not always fall so near 
this line, which of course indicates that the carbon-nitrogen ratio of the soil 
is not a constant. The correspondence is close enough, however, to justify a 
rough estimate of the nitrogen content of a soil from this titration. The num- 
ber of tons of organic matter in the surface soil of an acre is included although 
it was not determined directly, and is not represented by points. 

With soils of widely varied types, as good results could scarcely be expected, 
but even so, the indications should be better than guesses. Several determina- 
tions of the carbon contents of very different soil types were made, and the 
results calculated from the graph in figure 1, multiplying by the proper factor 
to allow for difference in weight of sample. The carbon and nitrogen contents 
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of these samples were known, and are given in table 1 with the carbon con- 
tents indicated by this short method. 

These data indicate that even for soils of widely varying nature the method 
may still be useful without a special standardization for each soil type. 

Highly abnormal soils, such as those containing much oxidizable mineral 
matter, could not be examined by this method, but such soils are probably 
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A SUGGESTION FOR UNIFORMITY AND UTILITY OF DATA IN 
SOIL SOLUTION ANALYSES 


W. B. BOLLEN anp RAY E. NEIDIG 
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Comparison of analytical data representing soluble material in soils is often 
made involved because of the different methods of expression commonly em- 
ployed. Thus, of the various elements or radicals under consideration, one 
may find parts per million, milllgrams per hundred grams, milligram equiva- 
lents per hundred grams, etc. Not infrequently different forms of expression 
appear in the same article. 

For all except total analyses of soils little need be said of the advantage 
obtained by expressing data in ionic form rather than in the form of hypotheti- 
cal combinations or as the elements. Clarke (1) has fully discussed this point 
in connection with the statement of water analyses. It seems desirable, 
however, that a more workable statement of the amounts of radicals found 
should come into wider use. 

A convenient method that adequately expresses the relations existing be- 
tween the radicals found in a soil or soil solution is to be found in the criterion 
based on chemical value rather than on physical weight. This is the basis 
on which Stabler (3) established the practice of using “reacting values” in 
interpreting the results of water analyses. Reacting values are obtained by 
multiplying the reciprocals of the equivalent combining weights of the radicals 
by the amount of radical in milligrams per liter, and are, therefore, the same 
as milligram equivalents per liter. These terms, as Palmer (2) has pointed 
out, are peculiarly adapted to the chemical classification of waters, and their 
use permits more satisfactory and direct interpretation of analytical results 
than can be had from hypothetical combinations, or from statements of phys- 
ical weight alone. They are similarly adapted for expressing the composition 
of soil solutions or percolates, and their use is recommended with the further 
suggestion that the basis of expression be made milligram equivalents per 
kilogram of water-free soil and designated as equivalent parts per million. 

The relation between parts per million and equivalent parts per million 
is shown by the formula. 


1 
Equivalent weight 


(Equivalent p.p.m.) = (p.p.m.) X 
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Table 1 gives some equivalent weight reciprocals calculated from Interna- 
A typical analysis stated in parts per 


tional Critical Tables atomic weights. 
million and equivalent parts per million for comparison is presented in table 2. 


TABLE 1 
Equivalent weight reciprocals of various radicals 


POSITIVE RADICALS NEGATIVE RADICALS 
| 1 a 1 eae 
‘Equivalent weight Logarithm Equivalent weight Logarithm 
-10 -10 
(H) | 0.9924 9.99667 (SiO,) 0.0263 8.41987 
(Fe”) | 0.0358 8.55408 (PO,) 0.0316 8.49928 
(Fe’’) | 0.0537 8.73017 (COs) 0.0333 8.52288 
(Al) | 0.1113 9.04640 (HCO;) 0.0164 8.21462 
(Mn) | 0.0364 8.56122 (SOx) 0.0208 8.31846 
(Ca) | 0.0499 8.69821 (NO,) 0.0161 8.20755 
(Mg) 0.0822 8.91507 (Cl) 0.0282 8.45028 
(Na) | 0.0435 8.63833 (OH) 0.0588 8.76936 
(K) 0.0256 8.40787 
(NH,) | 0.0554 | 8.74379 
: 1 
* Calculated from the fraction ——————_—__. 
Equivalent weight 
TABLE 2 
Analysis of 1 normal NH,Cl extract of Palouse silt loam soil 
| Parts per million | ces | Parts per million wide alin 
(Fe’”) 29 CO 2 | (SiO) 1272 33 
(Al) | 15 | 13 | (CO) | 0 0 
(Mn) 40 | 1 | (HCO,) | 868 14 
(Ca) 13,710 | 684 | (NOs) 88 1 
(Mg) 395 | 32 (SOx) | 200 4 
(Na) 595 26 
(K) 475 12 | 
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In a recent paper, Joffe and McLean (6) describe a method for estimating soil colloids by 
measuring their ‘“‘suction force,’ employing for the purpose a special form of auto-irrigator 
furnished with a mercury manometer. After placing the auto-irrigator filled with water in a 
large vessel, and packing round it soil, presumably—though not stated to be—previously 
dried to a constant low moisture content, they observe the change in level of the mercury 
column of the manometer when equilibrium has been attained. They state that equilibrium 
is reached when “the layer of soil in contact with the porous container has become saturated.” 

Although Joffe and McLean’s experimental data appear qualitatively to differentiate be- 
tween sandy, loamy, and clayey soils, it is here submitted that their method cannot be ex- 
pected to yield accurate quantitative results, because, in their theory, no account is taken 
of the water-conductivity factor in the moisture relations of soils. 

The theory of the instrument used by Joffe and McLean is similar to that developed by 
Livingston for the porous porcelain soil auto-irrigator, the thistle osmometer (9), and the 
conical porous porcelain soil-point (7), and adopted by Mason for the writing-pencil soil-point 
(8). Livingston’s theory is based essentially on a dynamic conception, and provides precise 
definitions of the terms “water-absorbing power of a dry soil,’”’ and its converse, “water- 
supplying power of a moist soil.”” These terms postulate a soil property whereby water is 
taken up from a free-water reservoir or delivered to an active absorbing surface at a definite 
rate, which is decided, not only by the magnitude of involved forces of absorption, suction, 
or “imbibition,” but also by the resistance opposed by the soil to water movement. Thus, 
in the auto-irrigator system a gradient of soil moisture content is eventually established. This 
gradient may be “‘dynamic” if plants are actively growing in a soil-mass irrigated by the in- 
strument, or it may be ultimately “static” if the soil-mass contains no plants and is hermeti- 
cally sealed within an impervious container. The “steepness” of the moisture gradient in 
either case is probably chiefly decided by the conductivity of the soil for water. It is a gentle 
gradient in sandy soils of high water-conductivity, and a steep gradient in non-conducting 
colloidal soils whose composite particles cohere. In certain colloidal soils, the moisture gradi- 
ent surrounding the irrigator vessel may conceivably fail to extend as far as the roots of 
plants situated some distance from the vessel, so that the instrument may not satisfactorily 
perform its functions. Hence, in controlled moisture studies of plants, the precaution is 
usually taken to employ soils of suitable water-conductivity for filling the containers into which 
auto-irrigator and plant are introduced. 

Similarly, in the soil-point system, a gradient is also established, but the gradient in this 
case must be maintained in a dynamic condition by limiting the time of contact between soil- 
point and moist soil in comparative trials with soils in laboratory or field (8, 3, 4). Moreover, 
soil-points should be carefully standardized by bringing them to a definite degree of dryness 
before inserting them into moist soil (8). 


1 The writer wishes to acknowledge valuable criticism and help received from Dr. Burton 
E. Livingston, of Johns Hopkins University, who kindly read the original draft of this paper. 
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In accordance with these ideas, the main objection to the method of Joffe and McLean 
would appear to lie in their failure to define the spatial limits of the “layer of soil” which be- 
comes “saturated” by contact with the water-filled porous vessel. It is possible to conceive 
two sorts of colloidal soils exhibiting, when dry, identical suction forces, yet possessing differ- 
ent degrees of conductivity. Such instances are described below (see the next section). In 
the case of the colloidal soil of Jow water conductivity, the rate of water movement may be 
relatively very slow; the static moisture gradient very steep; and the dimensions of the satura- 
tion layer in contact with the porous container, very small. In the case of the colloidal soil of 
high water conductivity, the rate of water movement may be relatively high; the static mois- 
ture gradient (if ever established), quite gentle; and the dimensions of the saturation layer, 
appreciably large. Since the apparatus of Joffe and McLean gauges suction forces in terms of 
volume loss of water,? it is obviously would fail to demonstrate equal suction forces in the two 
hypothetical soils under consideration. 

Joffe and McLean’s application of their method to a study of the effects of fertilizers and 
lime on the magnitude of the suction force of soils, is open to criticism in that it also fails to 
eliminate the conductivity factor as influenced by the various treatments. 


EXPERIMENTAL 


Three colloidal soils of different types were kneaded with water in amounts 
sufficient to bring the soils to their points of stickiness. It is assumed that the 
point of stickiness of colloidal soils marks the condition when the colloidal 
component is just completely saturated with water (2). The three soils 
therefore were believed to be in comparable states as regards their water 
relations. Each of the kneaded soils was pressed into five cigarette tins which 
were immediately sealed with paraffin wax to prevent water loss by evapora- 
tion. The tins and contents were weighed on successive days to insure that 
the wax seals were acting efficiently. Standardized writing pencils, of the sort 
used by Mason (8) and by the writer (3) in studies of the water-supplying 
powers of soils, were inserted through holes made in the wax so as to establish 
contact with the kneaded soils near the central regions of the tins. Three 
weighed pencils were inserted into each tin of soil. A three-hour contact 
was allowed. The pencils were then removed and rapidly weighed with the 
usual precautions. The experiment was repeated next day by inserting another 
set of standardized pencils into fresh holes made in the wax seals, the former 
holes having previously been plugged with soft wax. Finally, the tins were 
emptied and the moisture contents of the soils determined by weighing and 
drying in the air-oven. 

The results obtained are given in tables 1 and 2. The characteristics of the 
soils are presented in table 1, and their water-supplying powers in table 2. 


2It may be objected that Joffe and McLean’s instrument gauges suction forces, not by 
water loss, but by reduction of a hydrostatic head (negative pressure). It is admitted that 
although the instrument must impose a gradually increasing resistance to the passage of 
water outwards, the maximum magnitude developed by this resisting force is not the only 
factor deciding retention of water by the instrument. The inability of the soil to take up and 
to store more than a certain limited amount of water in the zone of decreasing moistness sur- 
rounding the porous vessel, must also be a factor deciding ultimate quantity of water lost. 


ARE Rai aE, 


Ss wert Cierrinionar nats 


““SUCTION FORCES” IN COLLOIDAL SOILS 73 


Discussion of experimental results 


Although the soils exhibit similar degrees of colloidality, and contain ap- 
proximately similar amounts of colloidal matter as indicated by their physical 
constants (particularly the moisture content at the point of stickiness), yet 
their water-supplying powers differ considerably. The lateritic soil appears to 
be the most colloidal of the three soils, and would therefore perhaps be expected 


TABLE 1 
Physical constants* of the soils employed 


SOIL 1—NON- SOIL 2—CAL- SOIL 3—RED 
CALCAREOUS CAREOUS LATERITIC SOIL 
. “CITC 4 ss 
SILICEOUS SOIL, | SILICEOUS SOIL, BARBADOS 


ANTIGUA ANTIGUA 


Mechanical composition, (approx. per cent silt 


PNA CEN Ny fo orev ste croves cess aeshcs eee oman 62 63 75 
Calcium carbonate content..............20000- Q.2 Yee 0.3 
OPPANIC MALECE CONLERET os <.0o:5.66cacscse cic ode aleve 1-3 1.0 0.5 
Volume expansion on wetting.................. 66.9 60.8 £722 
Relative degree of cohesivenesst................ 3.41 2.59 2.48 
RGTATIVE GOCEMNG TALE... 5. os. cis oe oe ties ees 0.6 92.0 100.0 
Hy droscopie Coemncientts..is cs scis cee scvceae ss « 13.0 12.0 20.6 
Moisture content at the point of stickiness....... 46.7 45.9 48.8 


* Constants other than ratios are expressed as percentages on oven-dry (110°) material. 
7 Wet combustion method. 
t See Harpy, F., 1925, Jour. Agr. Sci. 15: 420-433. 


TABLE 2 
Water-supplying powers* of the kneaded soils, by Mason’s method (8) 
(Hundredths of a gram of water absorbed by one soil-point in a three-hour contact) 


FIRST DETERMINATION | SECOND DETERMINATION 


Soil 1—non-calcareous siliceous soil..............{ 1.72 + 0.060 1.64 + 0.066 
Soil 2—calcareous siliceous soil................. 2.71 + 0.041 2.45 + 0.040 
ON S— TEM IACETILIC SOM gos '6.ossoco ie ein sae ea ee ders 3.12 + 0.039 2.76 + 0.032 


* The results, with their probable errors, are means of five separate determinations, each 
involving three soil-points. Their numerical differences are statistically significant in every 
case. 


to retain its moisture with the greatest force; yet its water-supplying power is 
the highest. 

The differences in water-supplying power may be ascribed to differences in 
conductivity for water for the three soils, which are probably eventually 
decided by differences in cohesiveness (table 1) between the colloid-coated grains 
comprizing the plastic soil-masses. In the cases of the lateritic soil and the 
calcareous soil, the colloid coatings are not so well “run together” as in the 
non-calcareous soil, which exhibits highest cohesiveness and lowest rate of 
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settling from suspension in water. Further data presented below support this 
contention. 


EVALUATION OF SUCTION FORCES FROM PERCOLATION CONSTANTS 


In their studies on percolation of water through soils, Green and Ampt 
(1) designate the force which tends to draw water from saturated to dry regions 
of a soil, per unit area of cross section of the pore spaces, as the Capillarity 
Coefficient (K). Green and Ampt’s methods of examination enable one to 
estimate the magnitude of this coefficient for sifted dry soils packed uniformly 
in glass tubes. 

The writer (5) has elsewhere employed the methods of Green and Ampt in 
a study of percolation in certain colloidal soils, including the three soils used in 
the present investigation. Assuming that, in dry colloidal soils, the forces 
producing water movement are mainly suction forces, or forces of water imbi- 


TABLE 3 
Percolation constants of the soils employed 


SOIL 1—NON- SOIL 2—CAL- 
FINE SOILS, PASSING A 1 MM. SIEVE CALCAREOUS CAREOUS 
SILICEOUS SOIL | SILICEOUS SOIL 


SOIL 3—RED 
LATERITIC SOIL 


Distance traversed by water-front in first 10 


ENE S 5s cw nx PA aeee Gece Ses rn cm. 1.9 6.8 23.4 
Value for C in formula ¢ = Ci (tin hours)..... 2.67 0.35 0.017 
Permeability constant, (P) X 10*.............. 0.001 0.059 0.470 
ReseCIC OLE MINCE (9) 55555 0 5.0.51 os 6 0:0 002044 50 5s 0.433 0.454 0.590 
Capillarity coefficient* (K) X107.............. 225 0.30 1.02 

: ee as : 
* Calculated from the formula, C = PK’ (time unit, the second). 


bition, rather than capillarity forces, it is possible to evaluate their magnitudes 
from the writer’s data. The data and values are presented in table 3. 


Discussion of results 


Although Green and Ampt’s formulae were found by the writer not strictly 
to apply to highly colloidal soils, yet the data in table 3 certainly indicate that 
the three colloidal] soils employed in the present investigation differ markedly 
in their water conductivities, the lateritic soil being the most conductive, and 
the non-calcareous siliceous soil, the least conductive. The calcareous siliceous 
soil occupies a somewhat intermediate position. The order of conductivities 
coincides with the order of water-supplying powers of the moist kneaded soils. 

The values for capillarity coefficients are not very reliable, since they are 
derived from values of two other constants whose measurement is difficult and 
not very precise; particularly because in horizontal flow experiments, the granu- 
lar material swells to different degrees (table 1) on progressive wetting. Never- 
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theless, the calculated values are approximately of the same order of magni- 
tude, and, considered with the physical constants of the three soils, indicate 
that suction force is perhaps not the major factor responsible for the specific 
differences in the water-supplying powers of the soils. It is not considered, 
however, that Green and Ampt’s method furnishes a reliable practical means 
of measuring suction forces in colloidal soils, but its fundamental theoretical 
basis appears to the writer to be less open to criticism than that underlying 
Joffe and McLean’s auto-irrigator method. 


SUMMARY 


1. Joffe and McLean’s method for measuring suction forces in soils (especi- 
ally colloidal soils), is criticized on the grounds that it takes no account of 
variations in water conductivity of soils. 

2. Experimental data, based on measurements of the water-supplying powers 
of the three different types of soils of approximately similar colloid contents, are 
adduced to demonstrate that water conductivity may exercise controlling 
influence over the distribution of water in soil surrounding Joffe and McLean’s 
instrument when in position, and may therefore influence the measurements 
made. 

3. Green and Ampt’s method for evaluating suction forces (capillarity coef- 
ficients) is discussed and applied to the three soils studied. It is considered, 
however, not to be sufficiently precise as a practical method, although less open 
to criticism on theoretical grounds than Joffe and McLean’s method. 
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BOOK REVIEW 


Lehrbuch der Enzyme, Chemie, physikalische Chemie und Biologie. By Pror. 
CARL OPPENHEIMER, with the collaboration of Dr. RicHARD KUHN. 
G. Thieme, Leipzig, 1927. 660 pp., 18 figs. Price, unbound, M. 33; 
bound, M. 36. 

The fifth edition of the well known threatise of Oppenheimer on Enzymes 
(Die Fermente und ihre Wirkungen) has reached such large proportions (over 
2000 large size pages in the first two volumes that have just appeared, with 
two more to follow, that the idea has naturally presented itself to prepare 
an abbreviated edition, which could be used as a textbook by students of 
enzymes. The result is the book under consideration. This book is more 
than an abbreviated edition—some parts have been entirely rewritten, because 
of the very rapidly growing subject of enzymes. The voluminous literature 
of the Handbuch has been practically left out in the Lehrbuch, with the 
exception of the most recent contributions, the author constantly referring 
to the more extensive publications. 

The book is divided into four parts: Part I contains chapters on the general 
chemistry of enzymes, including a description of them, the influence of various 
factors (physical, chemical, and specific activators and paralyzers) upon 
enzyme action, physical chemistry, and kinetics; Part II contains chapters 
on the biology of enzymes, including the occurrence and formation of enzymes, 
and the réle of enzymes in life processes; Part III contains the chapters on 
hydrolases, including the esterases, carbohydrases, polyases (enzymes acting 
upon polysaccharides), nucleases, amidases, proteases and thrombas; Part IV 
includes chapters on the enzymes of decomposition or the desmolases, in- 
cluding a detailed discussion of the various theories of oxidation-reduction; 
namely, the peroxide theories, indirect oxidation, and hydrogen activation, 
also the enzymes of hexose-decomposition or the zymases, various dehydrases 
which are important in metabolism, including the dehydration of cyclic 
chromogens, and finally the catalases. This is followed by a subject index. 

The descriptive part occupies over two-thirds of the book. In describing 
the individual enzymes, the author discusses in detail their chemical nature, 
specificity of action, occurrence, the influence of chemical and other factors, 
and preparation. The methods for measuring the action of the various 
enzymes are not considered sufficiently and in many instances are left out 
altogether. The application of enzyme action is usually not considered at 
all. This may be because the last two volumes of the large edition of the 
Handbuch, namely, those dealing with Methodics and Technology of enzymes, 
have not appeared as yet. 

The book is well printed and is concise and readable. The discussion of 
the various theories of oxidation-reduction is especially interesting. 

SELMAN A. WAKSMAN. 
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ERRATA 
Sort ScIENCE, VoL. XXIII, No. 4, 1927 


“The Microflora and the Productivity of Leached and Non-Leached Alkali Soil,” by J. E. Greaves 


The following percentages throughout this article should be changed: 
Page 277, line 12, 20 should be 21, 140 should be 53 
line 13, 67 should be 70 
line 14, 92 should be 80 
line 15, 30 should be 38 
line 17, 30 should be 20 
line 19, 41 should be 60 
Last paragraph, line 2, // should be 20 
Page 278, line 3, 830 should be 2/0 
Page 280, paragraph 3, line 1, 12 should be 13 
Paragraph 4, line 1, /0 should be /1 
Page 284, paragraph 3, line 3, 10 should be /1 
Paragraph 6, line 1, 12 should be 21 
Page 287, line 2, 12 should be 21 
Page 295, paragraph 8, line 2, 190 should be 187 
Page 301, paragraph 4, line 1, 77 should be 20 
Paragraph 5, line 2, 830 should be 210 
Paragraph 6, line 1, /0 should be // 
Paragraph 7, line 3, /2 should be 21 
Page 296-7, table 19, Subheadings Roots and Tops should be interchanged 


NITRATE ASSIMILATION BY SOIL MICROORGANISMS IN RE- 
LATION TO AVAILABLE ENERGY SUPPLY! 


F. E. ALLISON 
U.S. Department of Agriculture and N. J. Agricultural Experiment Station 


Received for publication September 20, 1926 


INTRODUCTION 


The probability of failure to secure large increases in crop yields following 
the application of such materials as straw, hay, certain types of fresh manure, 
and various crop residues having a high nitrogen-carbon ratio has been re- 
peatedly emphasized by agricultural writers and research workers. Frequently 
these materials have actually injured plant growth and depressed the yields. 
Hence, farmers have been freely advised not to apply large quantities of such 
materials just prior to planting but rather first to allow the materials to decay 
or to plow them under several weeks before planting. Even then the use of a 
crop such as corn, which thrives on decaying organic matter, has been advised. 

The literature on the subject is so voluminous that it is not advisable to 
discuss even the leading articles on the subject in this paper. Suffice it to say 
that many of the earlier writers attributed the injuries to toxicity or to denitri- 
fication, using the term to mean in many cases a loss of nitrogen from the soil. 
The more recent investigators have, however, almost unanimously agreed that 
the bad effect of carbohydrate materials when added to soils is due to the fact 
that they serve as food for bacteria and thus greatly increase bacterial num- 
bers and activities, particularly the ammonifiers and cellulose decomposers, 
which require nitrogen for food and hence use the readily available forms, 
particularly nitrates, present in the soil solution. They grow, therefore, in 
competition with higher plants and naturally the latter must suffer from 
partial nitrate starvation. The work reported in this paper was undertaken 
in order to obtain additional data on some of the least understood phases of 
the subject. 


EXPERIMENTAL 


The importance of the subject under discussion was first brought to the 
attention of the writer by some results obtained with oats grown in the green- 
house. Although reported elsewhere (1), these data are given here in brief 
form. 


1A joint contribution from the Fixed Nitrogen Research Laboratory, Bureau of Soils, 
United States Department of Agriculture, and the New Jersey Agricultural Experiment 
Station, the work having been started at the latter and completed at the former. 

Paper No. 196 of the Journal Series, New Jersey Agricultural Experiment Stations, De- 
partment of Soil Chemistry and Bacteriology. 
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Effect of various sources of organic matter on the growth of oats 


For this experiment, a rather poor Miami sandy loam soil was chosen. To 
pots holding 36 pounds of soil were added various sources of organic matter in 
a finely ground condition at rates approximating field conditions. The results 
reported in table 1 were obtained. 

It will be observed that the materials having the widest nitrogen-carbon 
ratios; namely, oat straw, timothy hay, corn stover, and fresh horse manure, 
decreased the yield, whereas cow manure, rotted manure, clover hay, and 
cowpea hay, increased the crop yields. Since the same amount of nitrogen was 
not added in all cases, the yields can not be considered as strictly comparable 
but merely as indicative of the effects of the different materials. It should be 
stated further that the early injuries to the crop by the materials of wide 
nitrogen-carbon ratio were even greater than the yields indicate. The young 


TABLE 1 
Yields of oats from a soil fertilized with different types of organic materials 


FIRST CROP SECOND CROP 


TREATMENT PER ACRE 5 
| Relative 


Dry | mn . 
weights | weights Nitrogen Dry weights 


per cent gm. 


| 

| 

em. 
ies te be tie possess bine kee cone 60.1 | 100.0 | 0.73 7.1 
PT hemaee.......................) SL2 | SEO | O08 12.2 
oe, ee 66.8 | 111.1 | 0.73 13.9 
oe en ees 87.1 | 144.9 | 0.79 8.3 
IN oie ednnnscnsvnwex wees | 30.7. | 51.1 | 0.77 ao. 
a aoe 51.3 80.4 | 0.79 | 10.8 
27, timothy bay... 22. cceeceeecceeess 45.0 | 70.4 | 0.71 | 9.1 
ee ere era rere 72.6 | 120.8 | 0.89 | 10.6 
ee IT 8 NG Gases siete wae Se 63.8 106.0 | 0.82 | 9.5 


oat plants, especially those grown in the presence of fresh stable manure, 
turned yellow and nearly died. There was a marked recovery later and the 
second crop was actually better on these pots than where the rotted manure 
had been used. 

From the experiment reported above, as well as from results given in the 
literature, the writer was convinced that the injuries produced by fresh stable 
manure were of exactly the same nature as those caused by similar sources of 
energy, such as straw, sugar, and mature corn stalks. Because of the great 
importance of manure in agriculture and also because it has been studied to a 
lesser extent as an energy source than some of the other materials, particularly 
straw, it was decided to limit these studies to this material, with the fairly cer- 
tain knowledge that quite similar results would have been obtained if sugar or 
straw had been chosen. In the experiments which follow, wherever a manure 
is mentioned the reader will know that, unless otherwise specified, the term 
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refers to fresh solid horse manure, dried and sterilized in order to eliminate the 
biological factor. 


Effect of fresh manure on soil nitrates 


This experiment was carried out at the beginning of these investigations in 
order to obtain further proof of the now generally accepted theory that the 
addition to the soil of readily decomposable substances of wide nitrogen-carbon 
ratio does cause a decrease in nitrates present; also in order to establish the 
fact that injuries to crops grown following the application of fresh manure are 
due to nitrate depletion rather than to the presence in the manure of toxic 
compounds or harmful bacteria. 


TABLE 2 
Decrease in svil nitrates following applications of fresh manure 


UNLIMED LIMED 
TREATMENT 7 Variation oe | Variation 
N Nitre | 
nitrogen | Average | from | nitrogen | Average | from 
mgm. mgm. mgm. mgm. mgm. | mgm. 
2.00 3.16 
CC, ah ee ee ae ee ae 1.67 1: a eee 3.16 3.16 peeaaes 
| 
2.02 3.55 |, 
0.25 gm. manute..essessssseef 2.25 2.14 +0.30 3.34 3.45 | +0.29 
| 
1.62 4.33 
O39 OM. MANUTE S66 sicisksceese. 1.47 | ales —0.29 270 3.52 | +0.36 
| 
ye | 1.35 sre I 
POigm. MRRUNE. Be os ccdanicdds 1.78 1.95 +0.11 1.54 1.45 | —1.71 
A Signs MANUIE: 260 wess Seas 1.95 | +0.11 i 0.68 | —2.48 
PO SM MANU 62. 55s. oa 0 ser 0.15 | —1.69 — Trace | —3.16 
| race 


The experiment was carried out with a Norfolk sand, deficient in nitrogen, 
low in organic matter content, and having a lime requirement of 700 pounds 
of calcium carbonate to the acre foot. One-hundred-gram portions of the air- 
dried soil were weighed out into tumblers and dry, sterilized manure having a 
nitrogen content of 1.18 per cent was added at the rates shown in table 2. 
Half of the tumblers received 1 gm. each of finely ground limestone. Water 
was added to bring the moisture content up to 45 per cent of saturation, allow- 
ing 2 cc. additional for each gram of manure used. The mixtures were allowed 
to incubate at room temperature for 25 days, and then the nitrates were leached 
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out and determined by the phenol-disulfonic acid method. The results are 
given in table 2. 

The data of table 2 show that the supply of soil nitrates was greatly reduced 
following applications of manure. In the absence of lime, small quantities had 
little effect, although 2 per cent reduced the supply approximately 92 per cent 
within 25 days. In the presence of calcium carbonate the nitrate supply was 
slightly increased by a maximum of 0.5 per cent manure, but with larger 
quantities the nitrates decreased to even less than with no lime. With 2 per 
cent of manure, only a trace of nitrates remained. These data seem to show 
that whereas ground limestone is favorable to the nitrifying organisms, it also 
stimulates the other microdrganisms, especially the ammonifiers, which pro- 


TABLE 3 


Exfect of fresh manure on the ammonia content of the soil 


VARIATION | VARIATION 


pe | AMMONIA eee | AMMONIA | : oe heer 
TREATMENT | STROCES | AVERAGE | ao | NITROGEN | AVERAGE | rRow 
| mgm. | mem. } mem, ] mgm. mgm. | “a. 
(| | 
(| 3.53 1.18 
ck een >: 2 66 | 
Check el aekont eet | 2.02. | 2.78 | | 2.13 | CC Oe eee 
i tae | 1. 26 
0.5 gm. manure 1} y0g | 1-09 | -1-01 , . 1.22 | -0.44 
‘) 2.80 62 
1.0 gm. manure : ‘| 5 ag | 2-49 | —0.29| re 2.21 | 40.55 
1.18 | 1.34 | 
3.0 gm. manure eal 4 os 1.32 | —1.46 | ; | 1.32 | ~0.36 
\ | = 
(! 1.29 e a 1 248 | 
5.0 gm. manure ‘ 0.84 1.07 —1.71 1.62 1.90 +0.24 
2.44 2.07 
10.0 gm. manure {| a a3 | 2-29 | -0.09 (| 2.72 | +1.06 


duce no nitrates but, on the contrary, use them for their own growth. The 
manure and lime thus worked together to the same end, the manure furnishing 
the energy for an increased number of bacteria and fungi while the calcium 
carbonate helped to improve the environment by neutralizing the soil acids. 


Ammonification of fresh manure in soil 


When the above nitrification experiment was started, a second series of 
tumblers was arranged for ammonia determinations. A fertile Sassafras sandy 
loam having a slight acidity was used in the moist condition. Fresh manure 
was added at rates varying from 0 to 10 gm. per 100 gm. of soil. Half of the 
tumblers received 1 gm. of calcium carbonate each as in the nitrification ex- 
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periments. After mixing, 2 cc. of water was added for each gram of manure 
used. The inoculation period was 7 days, after which ammonia was deter- 
mined by heat distillation with magnesium oxide. 

The results , given in table 3, are somewhat erratic and frequently duplicate 
determinations vary to a considerable extent. This is largely due to the 
inaccuracy of the method for determining ammonia, especially in small 
amounts, in soils. However, in the absence of lime, the manure reduced the 
ammonia content of the soil. Lime alone reduced the ammonia, but when 
used with the manure had little effect. Since the incubation period was much 
shorter and a different soil used, these results could not be expected to bear any 
correlation to the nitrification experiment already reported. 


Rate of nitrification of fresh manure in soil 


After having determined that the quantity of nitrates in the soil is decreased 
by the addition of fresh manure, it seemed desirable to learn whether the quan- 
tity of nitrates later returns to normal and, if so, how long a period is required 
for this to take place in the presence of different quantities of the manure. 
A series of experiments was, therefore, started using a fresh Sassafras sandy 
loam soil which was slightly acid and fairly productive. To all tumblers was 
added 1 gm. of calcium carbonate. The manure was thoroughly mixed with 
the soil and 2 cc. of water added for each gram as in previous experiments. 
The treatments and period of incubation together with the final results are 
given in table 4. To two tumblers was added ammonium sulfate without 
manure in order to test the nitrifying power of the soil. 

The depression in nitrates following the application of fresh manure took 
place immediately after the addition and was greatest with the largest amount 
applied. With a 3 per cent treatment, only a trace of nitrates remained after 
16 days. However, it is significant that after 40 days there was a partial re- 
covery from the nitrate deficiency and at the end of the experiment (66 days) 
more nitrates were present in the treated than in the untreated soils. 

These results are very significant from a practical standpoint and show that 
fresh manure of the type used here should not be applied just before or after 
seeding to crops which require an abundance of nitrate nitrogen. Furthermore, 
the data show that if the fresh manure is allowed a period of about six weeks 
under conditions which favor rapid biological action, the carbohydrates will 
be sufficiently used up to permit of a rapid nitrate formation and accumulation 
if not used by plants. This condition exists in a compost heap and table 4 
merely emphasizes the desirability in many instances of composting and shows 
why such a procedure gives good results. Where composting is not practical, 
the undecomposed manure should be applied at such a time and place as to 
interfere least with the crop rotation. Where a crop is to be grown immedi- 
ately following the application, a so-called “rank feeder” crop, such as corn, 
should be grown. This crop uses readily forms of nitrogen other than nitrates, 
especially ammonia, and is therefore less affected by a nitrate deficiency. 
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Recovery of nitrates from soils fertilized with sodium nitrate and fresh manure 


With the results given in table 4 in mind, it seemed desirable to carry the 
idea further by determining the rate at which sodium nitrate disappears from 
soils receiving fresh stable manure. By using the same methods as in previous 
nitrification experiments, including the addition of calcium carbonate, the re- 
sults given in table 5 were obtained. A rather rich Penn loam soil was chosen; 
in fact, as was later discovered, too well supplied with nitrate nitrogen to be 
best suited for the experiment planned. 

The results secured were in close agreement with the work previousy re- 
ported. The application of fresh manure hastened the removal of the nitrates 
that were present in the soil or were added to it in the form of sodium nitrate, 
and the larger the application, the greater the depression. Usually the smallest 
quantity of nitrates was present at the end of 21 days, after which there was a 
recovery in some instances, but usually the nitrate supply remained near the 
low point until the end of the experiment (83 days). It is rather surprising 
that such a large proportion of the added nitrate utilized by the microérganisms 
soon after its addition failed to nitrify again later and accumulate as such. 


Nitrification of ammonium sulfate in the presence of fresh manure 


The rate of nitrification of ammonium sulfate in the presence of fresh manure 
was determined on the same soil as in the preceding experiment and by the 
same methods of experimentation. The application of 100 mgm. of ammonium 
sulfate per 100 gm. of soil was made in solution. Table 6 gives the results in 
detail. 

The data show that in the absence of manure the ammonium sulfate nitri- 
fied very readily, the largest nitrate accumulation being at the end of 21 days. 
With 1 per cent of manure, the nitrification was considerably slower, reaching 
a maximum in 52 days, after which the nitrate supply was used up very rapidly. 
With 2 per cent of manure, the nitrification was slower and the maximum per- 
centage of the ammonium sulfate nitrogen which was recovered as nitrates 
was only about half that for the other two treatments mentioned. It is, of 
course, impossible to state from these data whether in the presence of the 
manure the ammonium sulfate nitrified at a normal rate, the nitrates then 
being used by microérganisms, or whether the ammonium sulfate was used 
assuch. Doubtless a considerable portion of the nitrogen was used as ammonia. 


Effect of fresh manure on the growth of buckwheat fertilised with an excessive 
amount of sodium nitrate 


Since the laboratory experiments had shown in such a positive manner that 
heavy applications of fresh manure result in a rapid depletion of the soil nitrates 
it was decided to follow up the findings by plant studies in the greenhouse. 
Pots holding 1600 gm. of air-dried sandy loam soil were fertilized with so- 
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dium nitrate and dry manure as shown in table 7. Sodium nitrate was applied 
in amounts large enough to be injurious when used alone. The crop grown was 
buckwheat, which was harvested when about 18 inches high and in full bloom. 
The weight of dry matter is given in table 7. 

As shown by the figures, the large application of sodium nitrate alone or with 
the smallest application of manure resulted in a very poor growth—about 13 
per cent of the untreated check. With the 5- and 10-gm. applications of man- 
ure, the dry weight increased 70 per cent over the check. The laboratory 
experiments indicate that the manure caused such a rapid multiplication of 
microdrganisms with the consequent utilization of the nitrates that the normal 
growth of the buckwheat could take place. 

This experiment suggests a possible method of preventing the loss of nitrates 


TABLE 7 


Effect of fresh manure on the growth of buckwheat fertilized with an excessive amount 
of sodium nitrate 


TREATMENT | artes | AVERAGE | Pangea el 

| gm. gm. per cent 

OTL TE eT eee {, 47 | MMe Ff occu 
{ 3 
com 0.2 | 

PP PND sis ao hose acco seexauseswe \| 0.2 0.20 | —86.7 
. ee fi 0.2 

0.53 gm. NaNO; + 2.5 gm. manure........... { 0.2 0.20 —86.7 
° tk. (| 2.4 ee 

0.53 gm. NaNO; + 5 gm. manure......... x 27 2.59 +70.0 

‘ i (| 2.4 i 
0.53 gm. NaNO; + 10 gm. manure............ { 27 2.99 +70.0 


from soils during the summer or fall, when nitrification is taking place. Instead 
of planting a cover crop, the same object might possibly be obtained by plow- 
ing under a heavy application of fresh stable manure, straw, weeds or other 
materials having a high ratio of carbon to nitrogen. This would be practicable 
only to a limited extent and under special conditions. 


Effect of fresh manure on the growth of wheat in the greenhouse 


Another series of pot experiments on the same soil and with the same methods, 
was started to determine the effect of stable manure, both in the moist con- 
dition and dry and sterile, on the growth of wheat. The manure was used 
alone and also with sodium nitrate. Table 8 gives the green weights of wheat 
from one series of pots in which growth was allowed to continue for 33 days 
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and from a second group of pots in which the wheat grew to maturity. Plate 1 
shows the appearance of the wheat at the end of 24 days. 

As a whole, these data obtained in the greenhouse agree very closely with 
what might be expected from the laboratory results already discussed. The 
fresh manure, whether applied in the moist unsterilized or dry and sterile 
condition was noticeably injurious to the growth of wheat. Where sodium 
nitrate was also added, the growth and yields were usually larger than with 
the nitrate alone, showing definitely that the injury caused by the manure 
was merely due to a nitrate starvation and not to any toxic constituents in the 
manure or to any harmful organisms added. In fact, the sterile manure was 
slightly more harmful than the moist fresh manure and acted exactly the same 
as would an application of straw, sugar, or other readily decomposable mate- 


TABLE 8&8 
Effect of fresh manure on the growth of wheat in the greenhouse 
= een DRY WEIGHTS AT MATURITY 
TREATMENT ; : 
Total pong wae a Total _— 
weights be straw | grain weight bid 
gm gm gm. gm. gm. gm. 
PNR NORM oa ote 1385-02. rele dea oie siete uate (ee | eee Zo | 14 C5 eee 
RARE NO Bee cas 5 cisiete sas Sos ew iae.s) Srsaneegees 15.4 | +8.0) 6.5 | 2.5 9.0} +5.0 
DiIGMNGE MNBMULC aos bs sis tesanud temas Sees 6.0} —1.4,1.9 | 0.6 2.5 | —1.5 
5 gm. dry manure + 0.5 gm. NaNOQg.......... 18.8 |+11.4) 6.6 | 2.3 8.9 | +4.9 
LO REC E2000 a 4.0; —3.4,1.7 | 0.7 2.4 | —1.6 
10 gm. dry manure + 0.5 gm. NaNO3.........} 17.8 |+10.4) 6.1 | 2.1 8.2 | +4.2 
NG en QVOLNONULE S.-i olsen sogee se voce 6:55 | —0:9)/':2°5 | 1.0 3.5 | —0.5 
16 gm. wet manure + 0.5 gm. NaNO3......... 19.6 |+12.2) 7.4 2.6 10.0 | +6.0 
G2 GM; MEU IMANUTE 6 ois cosas oie ces nesses] Beet =hG ZS | 1.0 3.5 | —0.5 
32 gm. wet manure + 0.5 gm. NaNO3......... 19.8 |4+12.4| 7.2 | 2.5 9.7 | +5.7 


rials having a wide nitrogen-carbon ratio. It is significant to note, also, that 
the wheat plants never recovered from the early nitrate starvation and the 
decrease in grain yields was somewhat comparable to the early growth effects. 


DISCUSSION 


The data as presented in this paper emphasize forcibly the importance of 
giving consideration to the nitrogen-carbon ration and to the availability of the 
energy and nitrogen present in organic materials added to soils as fertilizers. 
A close relation exists between the carbon and the nitogen content of soils, the 
ratio of nitrogen to carbon being about 1 to 10 in most cultivated soils and 
somewhat wider in virgin soils. Virgin soils which have accumulated an ex- 
cess of organic matter over a period of years support a varied and active micro- 
flora on being put under cultivation. These organisms consume a considerable 
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portion of the organic matter, particularly the carbon. A narrowing of the 
nitrogen-carbon ratio to near the usual 1:10 constant results. Exactly the 
same thing happens when the ordinary cultivated soil receives a heavy appli- 
cation of organic fertilizer. If the added material, such as dried blood, has a 
narrow nitrogen-carbon ratio, then it is attacked by the ammonifying organ- 
isms and free ammonia is produced. A portion of this ammonia may be lost, 
depending upon the conditions. At least there is a tendency for this to occur 
and for the nitrogen-carbon ratio to be restored to normal. On the other hand, 
as is proved in this paper, if materials having a wide nitrogen-carbon ratio, 
such as fresh stable manure, straw, sugar, and most woody plant residues, are 
added to the soil, the excess energy is attacked by the soil organisms. The re- 
sult is a vigorous evolution of carbon dioxide and a narrowing of the nitrogen- 
carbon ration to near normal. These vigorously growing organisms require 
nitrogen, particularly nitrates, for their activities and hence remove most or 
all that is available from the soil solution. Any crop growing on the soil at the 
time must necessarily suffer nitrate starvation or a “burning” of the foliage. 
Later, after the bacterial activities subside the nitrogen existing as protein in 
the bacterial cells is ammonified and the ammonia in turn oxidized to nitrates. 
The immediate result of the addition of materials of a wide nitrogen-carbon 
ratio is often harmful, but the ultimate effect is beneficial, provided sufficient 
time is allowed for the nitrate supply to return to normal. 

The procedure to be followed in applying organic materials to soils, particu- 
larly those materials which decompose readily and have wide nitrogen-carbon 
ratios, must depend upon the particular conditions existing. Several alterna- 
tives present themselves; the materials may first be allowed to decay partially, 
preferably in a compost heap; they may be applied several weeks before planting 
and be allowed to decay in the soil; and in certain exceptional conditions they 
may be applied immediately before planting in limited quantity and provided 
that the crop to be grown can use forms of nitrogen other than nitrates. As 
previously stated, corn is thought to be a crop of this nature. The amount of 
information available on this subject is, however, limited. 

Another point brought out by the data here presented is the fact that the 
well-known toxic properties of fresh stable manure cannot be attributed to any 
particular harmful factor present, either of a chemical or biological nature, 
for straw or sugar produces the same type of injuries. Fresh manure, therefore, 
is merely another example of a material having a wide nitrogen-carbon ratio 
and being easily decomposed by soil microérganisms. Any soil treatment which 
hastens the oxidation of the carbon will intensify, at least for a short time, the 
nitrate starvation. 


SUMMARY 


This paper presents the results of laboratory and greenhouse studies on 
nitrate assimilation by soil microérgaisms, the results of which may be sum- 
marized as follows: 


NITRATE ASSIMILATION BY SOIL MICROORGANISMS 91 


1. The addition to soils ot readily decomposable materials of wide nitrogen-carbon ratio 
results in a marked increase in biological activities and a decrease in soil nitrates due to their 
assimilation by the soil microérganisms. This utilization of the nitrates causes an injury to 
most growing crops, almost wholly because of nitrate starvation. The addition of sodium 
nitrate under such conditions caused the plants to grow normally or even better than on 
the untreated soils. 

2. The injury caused by fresh stable manure is not due to any particular toxic compound 
present or to the microdrganisms added, but is due to the stimulation of biological activities 
with the resulting nitrate assimilation. There is no appreciable difference in the nature of 
the injury produced by such materials as fresh stable manure, timothy hay, straw, and corn 
stover. Any difference noted is largely one of degree because such materials contain varying 
percentages of nitrogen and carbon and decompose with varying degrees of rapidity. 

3. The injury caused by the addition of such materials as those mentioned is not permanent 
but continues until there is a slowing up of biological activities and until there is sufficient 
time for the protein in the dead bacterial cells to be made available for plants through am- 
monification and nitrification. In these experiments, where conditions were optimum for 
rapid bacterial action, the period lasted from 4 to 8 weeks but of course this period would 
vary widely under field conditions, depending upon the rate of application and soil conditions. 
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PLATE 1 


EFFECT OF FRESH MANURE ON THE GROWTH OF WHEAT. PHOTOGRAPHS TAKEN 24 Days 
AFTER PLANTING 


Fic. 1. a, no fertilizer; 6, 0.5 gm. NaNO; c, 5 gm. dry manure; d, 5 gm. dry manure and 
0.5 gm. NaNO;; e, 10 gm. dry manure. 

Fic. 2. a, 10 gm. dry manure and 0.5 gm. NaNO; 6, 16 gm. wet manure; c, 16 gm. wet 
manure and 0.5 gm. NaNO;; d, 32 gm. wet manure; e, 32 gm. wet manure and 0.5 gm. NaNO;. 


NITRATE ASSIMILATION BY SOIL MICROORGANISMS PLATE 1 
F, E. ALLISON 


t iY 


Se at 


93 


THE INFLUENCE OF MANURES AND ORGANIC RESIDUES ON 
PLANT GROWTH! 
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INTRODUCTION 


Under conditions of intensive farming where large amounts of plant-food 
need to be available at specific times there is much objection to the use of man- 
ures containing appreciable amounts of shavings, sawdust, or straw, because 
of their adverse influence on the immediate crop. This influence is commonly 


under (3). 


tion for the resulting decreased yield. 


and suggestions. 
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attributed to some toxic material which is supposed to be either present in 
these organic substances when they are applied or developed when these 
substances undergo decomposition. In the case of sawdust and shavings the 
depressing influence on yield has been attributed to the presence of turpentine. 

New lands from which a stand of pine timber has been removed as a rule 
produce comparatively poor crops immediately after clearing, a condition that 
is gradually overcome in the course of a few years of cropping. These poor 
crops are generally attributed to the presence of turpentine, or at least to a 
toxic effect of the pine needles themselves or their residue when plowed 


Under conditions of grain farming, especially in the drier regions, where sum- 
mer fallowing is the common practice, the maintenance of soil organic matter 
has become a vital problem. When straw is returned, in attempts to maintain 
the organic matter, reduced yields are so frequently experienced that the 
practice has little to encourage it. These reduced yields until recently have 
been generally attributed either to the dryness of soil resulting from the dry 
straw or to some toxic effect of the straw itself or to both. It is now generally 
recognized, however, that during the decomposition of organic materials low 
in nitrogen, reactions occur in the soil that furnish a very satisfactory explana- 


Results of soil nitrate determinations made by numerous investigators, for 
instance, show conclusively that the application to the soil of straw, sawdust, 
shavings, or any organic material low in nitrogen content has a tendency to 


1 Originally submitted partially to satisfy the requirements for a master’s degree in Plant 
Pathology at the State College of Washington. Acknowledgment is accorded to Professors 
F. J. Sievers and H. F. Holtz of the Soils Department of the College for valuable criticisms 
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depress nitrate accumulation, with the result that soils receiving an application 
of such low nitrogen materials contain less nitrate nitrogen after the application 
than before. Some investigators, therefore, have attributed the low yields both 
to the reduction of nitrates and also to the toxic effect of some of the products 


of decomposition (1). 


TABLE 1 


Vield and nitrogen content of oats grown on Palouse silt loam under various treatments with low 


nitrogen materials, and with nitrate of soda 


TREATMENT OF SOIL STmAW AND wee | wiiecoms | 
ane) 3 gm. | gm per cent 
NOI Bs aot oie ait eu ew reiciys sate wis oOo 92 | 3:38 1.75 
SME A Scene cece eeis oe oe oka N esa ee ieee 1.25 1.76 
Straw, 2 T.; NaNOs, 150 pounds............... 5.3 1.97 1.92 
Straw, 2 T.; NaNO;, 600 pounds.......... ..| 19.4 6.74 ep | 
1 A ene ee ote 6.8 2.60 Hef | 
Pine needles, 2 T.; NaNOs, 150 pounds. . ..| 10:6 3.65 1.81 
en) At AER ae ee ee rn 6.3 2.18 1.93 
Saw dust, 2 T.; NaNO3;, 150 pounds ey ide Uc 395 | f.3l 


TABLE 2 


NITROGEN 
GRAIN 


gm. 


0.0592 


0.0220 
0.0379 
| 0.1153 


| 0.0445 
| 0.0660 


Yield and nitrogen content of oats grown on Palouse silt loam under various treatments with 


manures, and with nitrate of soda 


YIELD 4 
TREATMENT OF SOIL a c aoe 
Thiers a: a 
Control. ..........:.. Bry et a OTT 9.2 3.38 
een IIE AS oo oisen cobs So eesies ss 12.6 | 4.69 
Fresh manure, 5 T.; NaNO;, 150 pounds........| 13.6 | 5.20 
Rotted manure, 5T.............-..200-. 94 | 4.03 
Rotted manure, 5 T.; NaNO;, 150 pounds.... | 12.0 5.07 
| | 
NaNO;, 150 pounds...... EY as 148 
PIDs POP UTS 5.65 oo ociiic cece ns ease see 4 433 5.14 
PP OIE 5. ooo vote. cen awieee res vess 19.3 7.18 


PLAN OF THE EXPERIMENT 


NITROGEN 
GRAIN 


per cent 


L.d5 


1.63 
1.66 


| NITROGEN 
GRAIN 

* 

0.0592 


0.0854 
0.0853 


0.0686 
0.0842 


0.0724 
| 0.0838 
| 0.1192 


In the following experiment three materials of low nitrogen content; namely, 
sawdust, pine needles, and straw, were used for soil treatment in an endeavor 
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to determine their direct influence on the growth and yield of oats and also to 
determine whether their depressing effect, if any, could be overcome by treat- 
ment with a nitrogen fertilizer. Also fresh and rotted manures are compared 
both when applied alone and when supplemented with a nitrogen fertilizer. 
The organic materials of low nitrogen content were added at the rate of 2 tons, 
and the manures at the rate of 5 tons to the acre. 

The soil used was a Palouse silt loam containing about 0.18 per cent nitrogen 
to the acre 7 inches deep. The soil was thoroughly pulverized, and after 
the different treatments it was put into gallon cans and immediately planted 
to oats. 

DISCUSSION OF DATA 


For convenience in considering the data the tables are divided into two 
groups conforming with the two illustrations. Table 1 and figure 1 form the 
first group, and table 2 and figure 2 the second. 

In group 1, which contains all the residues of low nitrogen content, the effect 
of the addition of straw alone to the soil becomes very evident when the first 
two pots both in figure 1 and table 1 are compared. 

The influence of adding nitrogen to soil to which a residue of low nitrogen 
content has been added is well brought out by a comparison of the three pots in 
figure 1 containing the same amo’ oof straw. Of these the two in which the 
straw was supplemented by nitrogen show an increase in tillering, growth, and 
yield. This increase was in nearly direct proportion to the amount of nitrogen 
added. 

The same influence of the nitrogen supplement to residues of low nitrogen 
content is evident where pine needles and sawdust were used as residues instead 
of straw. There is this difference, however, that the depressing effect of straw 
was the most pronounced, although all lowered the yield considerably below 
that of the control. 

In group 2 the contrasts resulting from different treatments are not so great. 
This is as should be expected since none of these pots contain materials of such 
low nitrogen content as do the pots of group 1. In group 2 the control shows 
the poorest growth, the least tillering, and the lowest yield. Here also, as in 
group 1, wherever nitrogen was added with the residues the yield was corre- 
spondingly increased. 

In this connection it should be borne in mind that all pots were kept sup- 
plied with water to satisfy their requirements. Irrespective of the amount of 
tillering due to variations in available nitrogen in the soil, enough water was 
supplied to bring all plants toa normal maturity. Even under field conditions, 
where such an ideal moisture relation would seldom exist, the same general 
results from the addition of low nitrogen residues would obtain (4). 

The pots to which the greatest amount of nitrogen was added produced the 
highest yield and removed the most nitrogen in the grain, but did not necessa- 
rily produce grain having the highest percentage of this element. This low 
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percentage of nitrogen may be explained on the basis that where the nitrogen 
supplement is added at the time of planting, as in this experiment, it tends to 
be utilized in promoting increased tillering, growth, and yield, rather than in 
increased percentage of nitrogen in the grain as would be the case were the 
nitrogen application made after the tillering stage (2). 

On the other hand the pots yielding grain with the highest percentage of ni- 
trogen were the ones treated with 2 tons of straw plus 150 pounds of nitrate of 
soda, and with 2 tons of sawdust alone to the acre. This seems to show that 
although the residues of low nitrogen content retarded tillering, growth, and 
yield, their depressing effect on nitrate accumulation was sufficiently overcome 
during the later stages of the plants’ development to permit this extra nitrogen 
to become available. The nitrogen so made available at this late period of 
maturity was used to increase the percentage of nitrogen in the grain, for it 
was then too late to influence yield through further tillering. 

In the case of the fresh manure, indications are that either the manure used 
was of such quality that it contained comparatively little material of low nitro- 
gen content, or otherwise the control conditions of adequate moisture supply 
caused decomposition to proceed very rapidly with the result that there was a 
comparatively liberal supply of nitrate nitrogen. The result is that although 
the total yield of the pot with the fresh manure plus the nitrogen supplement 
is more than where fresh manure is used alone, the total nitrogen removed by 
the two pots is practically the same. The depressing effect of any residues of 
low nitrogen content contained in this fresh manure apparently was not enough 
to prevent the nitrogen of the manure from raising the yield well above that 
of the control. 

In the case of the rotted manure under theseconditionsof optimum moisture 
supply, the nitrogen became available less rapidly than with fresh manure 
and there was a corresponding influence on yield. 

The results from the foregoing experiment are consistent with those con- 
tained in other literature bearing on the subject, in that they seem to point to 
the conclusion that in the decomposition of organic matter the one important 
factor is the carbon-nitrogen ratio of the material undergoing decomposition. 


CONCLUSION 


The conclusion reached from the data presented is that the depressing effect 
on growth and yield immediately following the addition of low nitrogen mate- 
rials to soil may be largely overcome by applying sufficient quantitiesof nitrate 
of soda as a supplement. 
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PLATE 1 
EFrrect OF ORGANIC RESIDUES ON GROWTH AND YIELD OF OATS 


Fic. 1. Effect of residues of low nitrogencontent. C,control. S,straw, 2 tons to the acre 


PN, pine needles, 2 tons to the acre. SD, sawdust, 2 tons to the acre. JN, nitrate of soda 
The numerals indicate the number of pounds of nitrate of soda applied to the acre. 

Fic. 2. Effect of residues of higher nitrogen content. C, control. FM, fresh manure 
5 tons to the acre. RM, rotted manure, 5tonstotheacre. N,nitrateof soda. The numerals 
indicate the number of pounds of nitrate of soda applied to the acre. 
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PRODUCTION OF NODULES ON DIFFERENT PARTS OF THE ROOT 
SYSTEMS OF ALFALFA PLANTS GROWING IN 
SOILS OF DIFFERENT REACTION 


P. E. KARRAKER 
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Most legume plants grow best in neutral or nearly neutral soils, in part at 
least because of the favorable conditions for activities of the nodule bacteria in 
such soils. Information was desired as to what extent soil reaction directly af- 
fects nodule production and presumably the activity of the nodule bacteria and 
to what extent indirectly through some general effect on the host plant. Truog 
has expressed the belief that the effect of soil reaction on the activity of the bac- 
teria in the nodule is indirect since the environment of the bacteria when in the 
nodule must be that of the plant tissues (3). This seems a rather obvious con- 
clusion, but it does not preclude the possibility that the effect on the plant 
tissues is local in nature, or perhaps greater on the nodule tissues than on the 
plant generally. Soil reaction may also affect nodule development through its 
effect on the bacteria when existing non-symbiotically in the soil in the absence 
of the host plant. 

To secure the desired information, experiments were conducted on legume 
plants arranged so that one part of the root system of any one plant was grow- 
ing in acid soil and the other part in limed soil. A smaller production of nodules 
on the roots grown in the acid than in the limed soil, particularly if the differ- 
ence was approximately as great as that between root systems grown entirely 
in acid and limed soils, seemingly would show a direct effect of soil reaction on 
nodule development. On the other hand, if the effect is wholly or largely an 
indirect one, arising from some general effect on the plant, not only should the 
difference in production of nodules between the two parts of any root system 
thus grown be much less than between entire root systems grown respectively 
in acid and limed soils, but the effect of the acid soil should be to depress pro- 
duction of nodules on that part of the root system growing in the limed soil as 
compared with production of nodules on the corresponding part of root sys- 
tems grown entirely in limed soil. 

Alfalfa was selected because of its sensitiveness to soil reaction. The plants 
were grown in containers mainly in the greenhouse. Soil from limed and un- 
limed plots of certain Kentucky fertility experiment fields was used. The 
differences in soil reaction were thus those brought about by liming under field 
conditions. Paraffine-painted wooden boxes with inside dimensions 10 inches 
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each way were used for containers in the first experiments. Paraffine-painted 
galvanized iron partitions, extending to within 1 inch of the soil surface, divided 
these boxes vertically into two equal parts. The seeds were planted in a row 
directly above the partition. A difficulty with these experiments was the 
uneven distribution of roots usually secured between the two parts, the larger 


TABLE 1 
Plan of the experiment, weight of plants, and number of nodules with the Mayfield soil in 
the first experiment 


| AIR-DRY WEIGHT OF ROOTS | NUMBER OF NODULES 
sor | ATR-DRY | 
NUM SURFACE SOIL UNDER SOIL “— | é Sur = | 
ae TOPS | Surface | Under Total | face |UDder | Total 
| soil | soil anal | soil 
| (Le eee ene fees Peer: (eee 
gm. | gm. | gm. | gm. | 
1 1 inch acid 5 inches limed 1.991) 0.170) 0.265) 0.433) 0 | 102 | 102 
2 2 inches acid _| 4 inches limed 1.013) 0.096; 0. 165) 0.261) 0 | 20 | 20 
3 3 inches acid | 3inches limed | 0.445 0.103) 0.062 __ 0; 30; 30 
4 i inch limed | 5 inches acid | 1.190 0.115) 0.129] 0.244 27 1 | 28 
5 2 inches limed 4 inches acid | 0.988) 0.148) 0.065) 0.213) 41 4 ee 
6 | 3incheslimed | 3inchesacid | 2.320) 0.345; 0.175) 0. 520) 94) 15 | 109 
7 Entire soil acid 0.403; | los) «=| | 
8 Entire soil limed 2.260 | 0.796. | 104 
TABLE 2 
Plan of the experiment, weight of plants, and number of nodules with the Berea soil in the first 
experiment 
| ae-pey | AIR-DRY WEIGHT OF ROOTS | NUMBER OF NODULES 
POT mare | 
NUM- SUS PACE SOIL UNDER SOIL “aar | 4 | . | Sur 
pa TOPS a — | Total —_ ye Total 
ae oN em | om fom | om || | 
11 | 1 inch acid S inches limed | 2.540 0.270) 0.664, 0.934 0/| 20| 20 
12 | 2 inches acid 4 inches limed | 0.739 0.081) 0.075) 0.156, 0) 15 | 15 
13 | 3 inches acid | Sinches limed | 0.246) 0.052) 0.017) 0.069 0; 3); 3 
14 1 inch limed Sinches acid =| 0.128) 0.011) 0.621, 0.032} 0 | 0 | 0 
15 | 2 inches limed 4 inches acid | 0.182) 0.020, 0.025) 0.045) 1 | i oe 
16 | 3 inches limed 3 inches acid = 0.114) dios 0.150; 10; O 10 
sila = | | | ——— | SS 
7 Entire soil acid | 0.053 0.017 | 0 
9 | 2.094, } | 20 


18 Entire soil limed 


| 0.790 


part of the roots developing in the limed side. 


| 


The same difficulty was ex- 


perienced in later experiments in which the vertical division but no actual 
partition was used. 

The most satisfactory results were secured in experiments where the divisions 
were horizontal and where there was no actual partition between the two soil 
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parts. The acid soil was the surface soil in some pots and the under soil in 
other pots in these experiments. Six-inch porous earthenware pots were used 
as containers in two experiments. These pots made possible a total soil depth 
of 6 inches. In the first of these experiments soils from the Mayfield and 
Berea experiment fields were used. 

Satisfactory growth of red clover is never secured on the unlimed Berea soil 
and but rarely on the untreated Mayfield soil. Both soils are silt loams. The 
Mayfield soil is of loessal origin. The Berea soil is weathered largely from 
Devonian shale. 

The plots used and their fertilizer treatments were: Mayfield 304, manure 
and acid phosphate; 306, manure, limestone, and acid phosphate; Berea 305, 
manure and rock phosphate; 307, manure, limestone, and rock phosphate. 
The treatments have been approximately 6 tons of manure, 2 tons of pulver- 
ized limestone, and 800 pounds of acid phosphate or 1600 pounds of rock phos- 
phate to the acre for each of two four-year rotations (2). The soils had been 
in storage in an air-dry condition for some time previous to use in this experi- 
ment. 

Electrometric determinations of the reactions of these soils showed Mayfield 
plot 304, pH 4.80; plot 306, pH 6.98; Berea plot 305, pH 4.73; plot 307, pH 6.00. 

The plan of the experiment, shown in tables 1 and 2, was the same with the 
soils from the two fields. 

The soils were brought to 15 per cent moisture and inoculating material was 
added before potting. Approximately 2000 gm. of air-dry soil was placed 
into each pot. The inoculating material was a suspension of soil from a field 
of vigorous alfalfa; the part used was that decanted after the bulk of the soil 
had settled. The amount of suspension added contained 3 gm. of inoculating 
soil to the pot. 

Commercial seed of common alfalfa was distributed over the surface of the 
pots on April 28. Five plants in each pot were allowed to grow. The water 
content of the soil was kept as nearly at the optimum as possible by frequent 
watering with distilled water, without weighing. The plants were harvested 
on July land 2. In harvesting, the soil mass was removed intact from the 
pots. The soil in the divided pots was separated along the division plane with 
a sharpened spatula. The roots were removed from the soil as carefully as 
possible by crumbling the soil and sieving. 

Results from the experiments are given in tables 1 and 2. As shown by the 
nodule counts, differences in production of nodules resulted when different 
parts of the root systems of the same plants grew in soils of different reaction. 
Inspection showed the differences here to be essentially the same as between 
entire root systems of plants grown respectively in the acid and in the limed 
soils. 


There is the possibility, however, that the small nodule production on the 
roots in the acid soil part in the divided pots was due to the effect of the soil 
reaction on the bacteria while they were necessarily existing non-symbiotically 
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in the soil. Experiments show that alfalfa nodule bacteria may be very much 
affected by acid soil reaction under such conditions (1). Soil suspension was 
used for inoculating to make this possibility less likely. It would seem also 
that the adjacent limed soil would have been a constant source of infection, 
particularly in view of the frequent watering. 

In this connection, an experiment was made in which, in addition to an 
initial application, inoculating material was added at weekly intervals during 
the growth of alfalfa plants, and the development of nodules was compared 
with that where only the initial application of inoculating material was given. 
Six-inch porous earthenware pots filled with limed and unlimed soils from the 
Mayfield and Greenville fertility fields were used. The initial application of 
inoculating material—pure cultures—was mixed through the soil of the pots. 
The weekly additions were made to the surface of the pots directly before water 
was added. The experiment was begun on December 20 and the plants were 
removed for examination on April 1. Only a few nodules had been produced 
in the acid soils. Fair production had occurred in the limed soils. The pots 
with weekly additions of culture material showed slightly greater production of 
nodules in perhaps the surface inch of soil, as determined by careful inspection, 
than the pots receiving only the initial application of culture material. This 
effect, however, was as pronounced with the limed soils as with the acid soils. 

It is believed that the differences in nodule production between the acid and 
limed parts of the divided pots were not due to the effect of reaction on the 
bacteria while existing symbiotically. However, a definite statement cannot 
be made in this connection. 

The results of the experiment can be viewed in another way that obviates 
this difficulty, however. If the effect of soil reaction on activity of bacteria in 
the nodule is indirect, or largely so, its effect when a part of the roots of any 
plant is growing in acid soil should be evident in a lesser production of nodules 
on the part of the roots in the limed soil than on the corresponding part of the 
roots of a plant grown entirely in limed soil. On the whole, both the nodule 
counts and the inspection of the roots at the time of removal showed that such 
was not the case in these experiments. With the Mayfield soil (table 1) the 
roots from the 5 inches of limed under soil in pot 1 had practically the same 
number of nodules as the entire roots from pot 8 containing only limed soil. 
Also, the roots from the 3 inches of limed surface soil in pot 6 had 94 nodules 
as against 104 nodules on the roots from pot 8. Inspection of the roots at the 
time of removal in the case of this soil showed, when the limed soil was the sur- 
face soil, greater production of nodules than on the corresponding part of root 
systems of plants grown altogether in limed soil. 

In the second experiment, in addition to the soils from the Mayfield and 
Berea fields, soil was used from limed and unlimed plots from the Greenville 
field (2). In general the plan of this experiment was the same as the preceding. 
Results from this experiment as well as from the larger containers already re- 
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ferred to were uniformly in agreement with the experiment reported above and 
therefore will not be given in detail. 

The experiments reported in this paper indicate that nodule production cor- 
relates with soil reaction fully as well when a particular reaction is acting on 
only a part of the roots of any plant, as when acting on the entire root system. 
The effect of soil reaction on nodule production, therefore, is independent of 
any antecedent general effect on the host plant. The effect is direct on the 
bacteria in the nodule, or the effect of the soil reaction in changing the nature 
of the plant tissues and thus indirectly affecting the nodule bacteria is so local- 
ized as to affect only that part of the roots of plants directly in the soil of the 
reaction in question. 


SUMMARY 


Alfalfa plants were grown in soils from limed and unlimed plots of certain 
of the Kentucky fertility experiment fields. The plants were grown in pots con- 
taining all acid and all limed soils and in pots with acid soil in one part and 
limed soil in the other part. The most useful division was a horizontal one with 
no actual partition between the two parts. Differences in nodule development 
could thus be told when the acid and limed soils were (a) acting on entire root 
systems of plants and (0) acting on different parts of the root system of the 
same plant. Differences in nodule development were found to be as great in 
the case of (6) as of (a), indicating that the effect of soil reaction is independent 
of any antecedent general effect of soil reaction on the host plant. The possi- 
bility was noted that the poor development of nodules in the acid soil might 
have been due to the effect of the acid soil on the bacteria during the interval 
when they were existing non-symbiotically in the soil. It was pointed out, 
however, that if the effect of soil reaction on the bacteria is through some first 
general effect on the host plant, nodule development on the roots in the limed 
part of the divided pots should be less than on the corresponding part of the 
root systems of plants grown entirely in limed soils. Such was not found to be 
the case. Apparently the soil reaction directly affects the bacteria in the nod- 
ule; or the antecedent effect of the soil reaction on the host plant, which in 
turn influences nodule development, is so localized as to affect only that part 
of the roots directly in the soil of the reaction in question. 
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In studying the water-soluble constituents of soils it is very desirable to 
have methods of analysis that are rapid, accurate, and suitable for the deter- 
mination of small quantities of a given element. Such methods are almost 
essential for the study of water-soluble phosphorus since it is found in very low 
concentrations in the displaced solution and water extract of most soils. In 
the studies made in this laboratory, two colorimetric methods have been used 
for the determination of phosphorus. The one most extensively used is the 
coeruleo—molybdate method of Deniges (5) that has been used by Atkins 
(1, 2). The second method is that of Fiske and Subbarow (6), which with 
similar methods has been extensively used in blood analysis. 

Both methods are based on the same chemical reaction and both possess 
many advantages over most of the methods commonly used for the determina- 
tion of phosphorus in soil extracts. Some of the outstanding advantages of the 
methods are: 1. They make possible the determination of both the organic and 
inorganic phosphorus of the soil solution or extract. 2. The procedures are 
short and a number of determinations can be made in a very short time, espe- 
cially when only the inorganic phosphorus is determined. 3. Very few sub- 
stances interfere with the determination and none of these interfering sub- 
stances ordinarily occur in soil extracts in sufficient quantity to influence the 
determination. 4. Very small amounts of phosphorus can be determined. 
By the method of Deniges, 0.001 mgm. PO, can be satisfactorily determined in 
a volume of 50 cc. 

The methods are based upon the fact that a suitable reducing agent, when 
added to an ammonium molybdate solution of a certain acidity, will produce a 
blue color if the solution contains inorganic phosphate. The blue color is due 
to the partial reduction of some of the molybdenum in the complex phospho- 
molybdate and, within certain limits it is proportional to the phosphate con- 
centration. Taylor and Miller (10) first suggested the possibility of using the 
reaction as a basis for the colorimetric determination of phosphorus. Subse- 
quently, Wu (11) made a detailed study of the chemistry of the reaction but did 
not develop a quantitative method. Deniges (5), Bell and Doisy (3), Briggs 
(4), and Fiske and Subbarow (6) developed methods for the quantitative 


1 Published with the permission of the Director of the Alabama Agricultural Experiment 
Station. 
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determination of phosphorus. Deniges apparently developed his method 
without knowledge of the work being done in this country. Several investi- 
gators have shown that the intensity of the blue color produced from a given 
phosphate concentration is dependent upon the reducing agent used. 

The methods of Deniges and Fiske and Subbarow differ in several respects, 
the most important being in the use of different reducing agents. Deniges 
used stannous chloride while Fiske and Subbarow use 1, 2, 4-aminonaphthol- 
sulfonic acid. The methods also differ somewhat in the concentration of acid 
and molybdate used in the determination. Deniges’ method is approximately 
five times as sensitive as that of Fiske and Subbarow and is therefore better 
adapted to the determination of phosphorus in soil solutions and extracts. 
The Fiske and Subbarow method, on the other hand, is very useful for deter- 
mining phosphorus in solutions of higher concentrations than can be studied 
by the other method. 

This paper will present some of the results obtained in a study of the two 
methods, together with the procedures recommended for the determination of 
organic and inorganic phosphorus. 


THE COLORIMETRIC METHOD OF DENIGES 


Atkins (1, 2) has used the colorimetric method of Deniges in a study of the 
phosphorus content of natural waters and soil extracts. It has been used in the 


phosphate studies made in this laboratory. The procedure first used in this 
laboratory has been given in another publication (8). As a result of subse- 
quent studies the procedure has been slightly modified and has been used in this 
laboratory for the determination of organic and inorganic phosphorus in the 
displaced solution and in soil extracts. The procedure recommended for the 
determination of the two forms of phosphorus follows: 


Solutions needed 


Reagent A—Mix 100 cc. of 10 per cent ammonium molybdate solution with 
300 cc. of a 50 per cent (by volume) solution of H:SO,. The acid must be 
arsenic-free and the reagent should be kept in the dark or in a brown bottle. 

Reagent B—To 0.5 gm. of powdered tin add 5 drops of a 4.0 per cent solution 
of CuSO, and 10 cc. of conc. HCl, arsenic-free. Warm to hasten the reaction 
and when the tin is in solution dilute to 50.cc. This reagent must be prepared 
fresh each day. 

Standard PO, solution—Dissolve 0.1433 gm. of KH»PO, in distilled water, 
transfer quantitatively to a 1000-cc. volumetric flask, add 0.5 cc. of toluene 
and dilute to the mark. This solution contains 100 p.p.m. PO,. Take 10 cc. 
of this solution and dilute to 1000 cc. in a volumetric flask to obtain a solution 
of 1.0 p.p.m. PO,. All standards are prepared from this solution. To pre- 
pare a standard containing 0.10 p.p.m. PO, dilute 10 cc. of the second phosphate 
solution to 95 cc., add 2.0 cc. of reagent A and 6 drops of reagent B and dilute 
to 100 cc. 
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Procedure for the determination of inorganic phosphates 


Place 50 cc. of the clear solution or extract in a 100-cc. Erlenmeyer flask. 
The solution should not contain more than 1.0 p.p.m. PO. If the concentra- 
tion is greater than 1.0 p.p.m. use only enough solution so that when diluted to 
50 cc. the concentration will be about 0.50 p.p.m. PO,. Add from a burette 1.0 
cc. of reagent A and while shaking the flask add 3 drops of reagent B to develop 
the blue color. 

A series of standards should be prepared at the same time as the unknown. 
This is conveniently done by placing 5, 10,25,and 50 cc. of the phosphate solu- 
tion in 150-cc. Erlenmeyer flasks, add water to make about 97 cc., then add 2 cc. 
of reagent A and 6 drops of reagent B. Dilute to exactly 100 cc. in a graduated 
cylinder or volumetric flask. 

After both the standard and unknown have stood 5 minutes for the color to 
develop, compare the unknown with the standard of approximately the same 
color intensity. When the color intensity is rather high, about that obtained 
at a concentration of 0.50 p.p.m. PO,, the comparison is best made with a 
colorimeter. When only a slight color is developed the comparison is best 
made with Nessler tubes. 


Procedure for the determination of total phosphorus 


Place 50 cc. of the soil extract or solution add 1.0 cc. of normal Mg(NOs)2 


in a 75-cc. porcelain casserole, and evaporate to dryness on a hot plate or steam 
bath. Ignite over a Bunsen burner to destroy all organic matter. After 
cooling add 5 cc. of dilute HCl, 1:20, and place on a hot plate to dissolve the 
residue. Permit the acid to evaporate toa volumeof about 1.0cc. If it should 
go to dryness add more acid to bring the residue into solution again. When 
solution is complete, except for silica in some instances, add water, transfer 
to a 50-cc. graduated cylinder and dilute to 49 cc. Pour the contents of the 
cylinder into a 100-cc. Erlenmeyer flask and add the reagents to develop the 
blue color. At the same time prepare standards as given under the procedure 
for inorganic phosphate. After five minutes, compare the unknown with the 
standard of approximately the same concentration. 

To determine organic phosphorus make determinations of total and of in- 
organic phosphorus. Subtract the inorganic phosphorus from the total to 
obtain organic phosphorus. 


Discussion of method 


It is essential that the solution to be tested be colorless. If the solution 
or extract is slightly colored with organic matter the determination of inorganic 
phosphorus can be estimated with a fair degree of accuracy. Some soils, 
however, give solutions that are so colored that it is impossible to determine 
inorganic phosphorus. Since the residue is ignited for the determination of 
total phosphorus, the final solution is always colorless. 
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Development and permanency of the blue color. Experiments have shown that 
the maximum color will be developed in five minutes. If the acidity is in- 
creased to greater extent than recommended in the procedure for total phos- 
phorus the rate of development of the color will be retarded. Too great an 
acidity, as will be shown later, will prevent the development of the maximum 
color. 

After the color is developed it remains unchanged for a considerable period. 
Careful experiments have shown that under the usual laboratory conditions 


TABLE 1 
Influence of added acid on the colorimetric determination of phosphorus 


AMOUNT OF CONCENTRATION OF PQ, IN SOLUTION 


1:20 HC] appep T0100cc.|_ Ei hs ence INFLUENCE OF ADDED ACID 
a Theoretical Determined 
ce p.p.m. p.p.m p.p.m 
None 0.250 J < | fs (ess 
1 0.250 0.246 —0.004 
2 0.250 0.259 +0.009 
5 0.250 0.260 +0.010 
10 0.250 0.257 +0.007 
20 0.250 0.206 —0.044 
25 0.250 0.160 


—0.090 


TABLE 2 


Influence of different concentrations of silica on the colorimetric determination of phosphorus 


NO PHOSPHORUS IN SOLUTION PHOSPHORUS IN SOLUTION 


CONCENTRATION 


Concentration of PO, 


or SiO. | Increase due | Concentration of 20, | Increase due 
Theoretical Determined | sinned Theoretical ;| Determined | sie 
p.p.m p.p.m p.p.m. p.p.m. | Dp. p.m. p.p.m. p.p.m. 
25 None 0.00 0.00 | 0.10 0.10 | 0.00 
50 None 0.00 0.00 | 0.10 0.10 | 0.00 
100 None | 0.01 0.01 { 0.10 0.10 | 0.00 
200 None | 0.03 0.03 0.10 0.12 | 0.02 
500 None | 0.06 0.06 0.10 0.15 0.05 
1,000 None 0.09 0.09 0.10 0.22 0.12 
2,500 None 0.18 0.18 0.10 32 0.22 


there was no color change within one hour. 


In these experiments the flasks 


were not placed in direct sunlight. 


It seems, therefore, that the readings may 


be made any time from five minutes to one hour after the reagents have been 
added. 

Influence of Acidity. The determination must be made at a rather definite 
acidity. The proper acidity is produced by the sulfuric acid in reagent A. 


If the acidity is materially reduced a color will be produced even if phosphorus 
If the acidity is increased too much the maximum color 


is not in solution (5). 
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will not be produced. Consequently, the amount of acid used to take up the 
residue after ignition must be carefully regulated. In order to determine the 
amount of acid that might be safely used the following experiment was made. 
Different amounts of 1:20 hydrochloric acid were added to a known phosphate 
solution and the color was developed. After the solution had stood fifteen 
minutes the color was compared with that of a standard prepared in the usual 
manner. The results are given in table 1 and show that the addition of as 
much as 10 cc. of 1:20 HCl had no significant influence on the determination. 
The addition of 20 cc. of the dilute acid produced a low result. 

Five cubic centimeters of 1:20 acid is recommended since that amount does 
not influence the color development and is enough to bring the residue into 
solution. In taking up the residue, approximately one-half of the acid is 
expelled before water is added to the casserole. 

Influence of various salis. A study of the influence of various salts shows 
that none of the salts commonly found in the soil solution interferes with the 
determination when present in concentrations comparable to those found in the 
soil solution. Arsenates give the same color reaction as phosphates but are 
not ordinarily found in the soil solution. 


TABLE 3 
Phosphate content of a displaced solution as determined after evaporation and ingnition with nitric 
acid and different amounts of magnesium nitrate 


1.0cc. N 2.0cc. N 5.0 cc. N 


EVAPORATED WITH 2 cc. HNO; Mg(NOs)2 | Mg(NOs)2 | Mg(NOs)2 


POpAetermmnined 655. ose cates ees aang 0.475 | 0.480 0.490 0.480 


Silica will produce a blue color when present in sufficiently large quantities. 
Small amounts of silica such as are ordinarily found in soil solutions do not 
produce the color reaction. This is shown by the following experiment. Solu- 
tions were prepared containing from 0 to 2500 p.p.m. SiOz, To one series of 
solutions 0.10 p.p.m. PO, was added. No phosphorus was added to the other 
series. The reagents were added to both series and the color developed was 
compared with that of a standard prepared in the usual manner. The results 
are given in table 2. 

When there was no phosphorus in solution a slight color could be detected 
when 100 p.p.m. of SiO. was in solution. When a small amount of phosphorus 
was added the increase in color could not be detected until there was 200 p.p.m. 
of SiOz in solution. Florentin (7) obtained a slight color with 49 p.p.m. of 
SiO.. These data show that there is little probability that the silica in the 
soil solution would influence the determination of phosphorus. This is one 
of the chief advantages of this method over the yellow colorimetric method. 

Influence of ignition. It is well known that there may be a loss of phosphorus 
on strong ignition if there is a deficiency of base. In the procedure previously 
recommended for total phosphorus (8) the solution was evaporated with a 
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small amount of nitric acid and the residue ignited over a Bunsen burner 
without the addition of a base. The bases normally present in the soil solution 
of even the most acid soils were assumed to be sufficient to prevent loss of 
phosphorus. In order to study this matter, phosphorus was determined in 
several soil solutions and extracts by the old procedure modified by the addition 
of magnesium nitrate. Table 3 gives the results of a typical series of determi- 
nationsonadisplacedsolution. These results together with a large number of a 
similar nature indicate that there is little or no loss of phosphorus on evapora- 
tion with nitric acid and subsequent ignition. In a few instances the results 
with soil extracts indicated a slight loss of phosphorus when magnesium nitrate 
was not added. In no case was the loss more than about ten per cent of the 
total. In order to avoid possible loss and to facilitate the ignition the use of 
1.0 cc. of NV Mg (NOs) is recommended. 

Comparison with volumetric method. The method has been compared with 
the regular volumetric method for the determination of phosphorus. The 
comparison was made on soil extracts, prepared from a series of plots which 


TABLE 4 
Phosphate concentration of 1:5 soil extracts as determined volumetrically and colorimetrically 


i 2 as PO, IN SOIL EXTRACT 
FERTILIZATION PER ACRE WITH 


ACID PHOSPHATE 


Volumetric method j Colorimetric method 
pound p.p.m. | p.p.m. 
None 0.059 | 0.056 
300 0.102 0.084 
600 0.188 0.190 
900 0.442 0.449 


1,200 0.643 0.636 


had received different phosphate fertilization. The data given in table 4 show 
that the agreement between the results of the two methods is satisfactory. 

Organic and inorganic phosphorus in the displaced solution and soil extracts. 
The method has been used rather extensively by Pierre and Parker (9) ina 
study of the content of organic and inorganic phosphorus in the displaced 
solution and in soil extracts. The data in their paper serve to illustrate the 
nature of the results obtained with the method. 


THE COLORIMETRIC METHOD OF FISKE AND SUBBAROW 


The colorimetric method of Fiske and Subbarow or very similar methods 
have been used by biological chemists for several years. Bell and Doisy (3), 
Briggs (4), and Fiske and Subbarow (6) have studied the method and offered 
various modifications. The procedure of Fiske and Subbarow seems to offer 
several advantages over the older procedures. The writers have used their 
procedure, and find it very satisfactory for the determination of both organic 
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and inorganic phosphorus at concentrations above 1.00 p.p.m. PO, The 
method may be used in plant analysis or in the determination of phosphorus 
in acid extracts of soils. When used in such work, if the color comparison is 
made by means of a colorimeter, the method gives very satisfactory results. 
Table 6 gives the results of the analysis of some plant tissue using the volu- 
metric and colorimetric methods. In every instance the agreement between 
the results obtained by the two methods is good. In a further study the two 
colorimetric methods were compared, soils extracts that were unusually high in 
phosphorus being used. The data obtained by the two methods agreed satis- 
factorily. These results lead to the conclusion that the procedure recom- 
mended by Fiske and Subbarow is well adapted for use in several different 
phases of soil investigations. The following procedure is that recommended 
by Fiske and Subbarow. 


TABLE 5 


The phosphorus content of plant tissue as determined volumetrically and colorimetrically by the 
Fiske and Subbarrow method 


PO; CONTENT OF SAMPLE 
SAMPLE NUMBER 
Volumetric method Colorimetric method 

mgm. mgm. 

1 25.85 25:39 

Zz 28.47 27.95 

3 25:29 24.70 

4 19.40 19.78 

5 23315 24.60 

Average of 12 samples....... 25.01 24.93 


Solutions needed 


10 normal sulfuric acid. 450 cc. of concentrated arsenic-free sulfuric acid 
added to 1300 cc. of water. 

Molybdate. 2.5 per cent ammonium molybdate in 5 N sulfuric acid. Dis- 
solve 25 gm. of the salt in 200 cc. of water. Rinse into a liter volumetric 
flask containing 500 cc. of 10 N sulfuric acid. Dilute to mark with water and 
mix. 

Standard phosphate solution. Dissolve 0.1433 gm. of KH2PO, in distilled 
water, transfer quantitatively to a 1000 cc. volumetric flask, add 0.5 cc. of 
toluene and dilute to the mark. One cubic centimeter of this solution diluted 
to 100 cc. gives a solution containing 1.0 p.p.m. PO. A standard containing 
5 p.p.m. PO, is satisfactory for most work. 

15 per cent sodium bisulfite. The solution must be free from turbidity 
before it can be used. Freshly prepared sodium bisulfite solutions may not 
filter clear, in which case 2 or 3 days standing (before filtering) will be neces- 
sary. Keep well stoppered. 
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20 per cent sodium sulfite. Because it is likely to be of better quality, the 
authors prefer to use the crystalline sulfite (Na2SO3-7H2O). Dissolve 200 gm. 
of this in 380 cc. of water. Remove any suspended matter by filtration, and 
keep stoppered. 

0.25 per cent aminona phtholsulfonic acid. Dissolve 0.5 gm. of the dry powder 
[see (6, page 388) for method of preparation] in 195 cc. of 15 per cent sodium 
bisulfite, add 5 cc. of 20 per cent sodium sulfite, stopper, and shake until dis- 
solved. If the bisulfite solution is old, more than 5 cc. of sulfite will be needed 
—in that event add more sulfite, 1 cc. at a time, shaking after each addition, 
until solution is complete. This reagent can be prepared in a few minutes 
(the powder need not be very accurately weighed), and if not left exposed to 
the air it should keep about 2 weeks. The solution is more stable the higher 
its acidity, hence no more sulfite should be added than is needed to dissolve 
the reducing agent. 


Procedure for inorganic phosphate 


Measure into a 100 cc. volumetric flask enough solution to contain between 
0.2 and 1.5 mgm. inorganic PO,. Add water to bring the volume to about 
70 cc., followed by 10 cc. of 2.5 per cent ammonium molybdate made up in 5 V 
sulfuric acid, and add 4 cc. of 0.25 per cent aminonaphtholsulfonic acid. After 
the addition of each reagent, the solution should be mixed by gentle shaking. 

At the same time transfer to a similar flask 5 cc. of the standard phosphate 
solution (containing 0.5 mgm. PO,), 65 cc. of water, and the same reagents 
that were added to the unknown. Dilute the contents of each flask to the 
mark, mix, and compare in the colorimeter after 5 minutes. Calculate the 
concentration of PO, in the unknown. 


SUMMARY 


A study was made of the Deniges and Fiske and Subbarow methods for the 
colorimetric determination of phosphorus in the soil solution and soil extracts. 
The procedure is given for the determination of total and inorganic phosphorus. 

The method of Deniges is more sensitive than that of Fiske and Subbarow, 
and is, therefore, recommended for most work with soil extracts and the soil 
solution. Data are given showing that moderate amounts of silica do not 
influence the determination. The Fiske and Subbarow method may be useful 
in plant analysis or for the determination of phosphorus soluble in dilute acids. 
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Since the development of the displacement method of obtaining the soil 
solution, several investigators (1, 2, 6, 8) have made studies on the phosphorus 
content of the displaced solution. In none of these studies, however, has the 
distinction been made between the organic and the inorganic phosphorus in the 
solution, nor has this differentiation been made in studies of the phosphorus 
content of water extracts of soils. The development of the blue colorimetric 
method (5) for the determination of small quantities of phosphate makes pos- 
sible the quantitative determination of organic and inorganic phosphorus in 
soil solutions and soil extracts. 

Since preliminary studies indicated that a considerable portion of the phos- 
phorus in soil solutions is organic, it seemed very desirable to study the relative 
availability of organic and inorganic phosphorus to plants. Consequently, 
the present investigation was made for a twofold purpose: first, to study the 
concentration of organic and inorganic phosphate in the displaced solution 
and in the water extract of a number of representative soils; second, to study 
the relative availability to plants of the two forms of phosphorus, as indicated 
by studies on absorption and plant growth. 


EXPERIMENTAL 


Organic and inorganic phosphorus in displaced soil solutions and in soil extracts 

Twenty-one representative soils were secured from nine states in the South 
and Middle West.? These soils were chosen to represent a wide range in tex- 
ture, reaction, and content of organic matter. Table 1 gives the soil type, the 
content of total phosphorus, and the phosphorus soluble in 0.2 .V nitric acid. 


1 Published with the permission of the Director of the Alabama Agricultural Experiment 
Station. 

* The authors wish to express their appreciation to the following men for furnishing soil 
samples from their respective states; Dr. F. J. Alway and Dr. R. M. Pinckney, Minnesota; 
Prof. E. Truog, Wisconsin; Dr. F. C. Bauer, Illinois; Prof. E. J. Kinney, Kentucky; Prof. 
Martin Nelson, Arkansas; Prof. W. E. Ayres, Mississippi; Prof. W. J. Davis, Georgia; and 
Prof. T. S. Buie, South Carolina. 
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The fourth column of the table gives the crop response to phosphate fertiliza- 
tion. In many instances the crop response of the soil had been determined by 
field experiments; in other instances, by greenhouse experiments. It should 
be understood that the relative crop response for the different soils indicated 
in the table is only an approximation. The response would of course vary 
with the crop indicator and numerous other factors. There can be no doubt, 
however, that the study includes a number of soils that do not respond to 
phosphate fertilization and a number that give a large response. Where there 


TABLE 1 
Description and phosphorus content of soils used in the investigation 


| PHOS- | TOTAL 


_ | | _CROP a PHORUS | PHOS- 
a son rvre | cin | S| eee |e Same 
| FERTILIZATION | py | IN 0.2 N | 10.2 N 
| HNO; HNO; 
pounds | pounds | per cent 
1 Greenville sandy loam Alabama | Slight 490 19 3.9 
2 | Norfolk sandy loam | Alabama | None | 460 54 11.7 
3 | Orangeburg sand Alabama | Good | 274 8 2.9 
4 | Ruston sand | Alabama | Good | 240 9 3.7 
5 Cecil clay loam Alabama | Unknown | 914 | 24 2.6 
6 | Portsmouth sandy loam Alabama | Unknown |. 5300; 37 | 7.4 
7 | Norfolk sandy loam | Alabama | Unknown | 420 28 | 6.7 
8 Decatur silt loam Alabama | Good | 674 . ) 720 
9 | Silt loam | Mississippi | None | 1,240 | 459 | 37.0 
10 | Tifton sandy loam | Georgia | Medium | 554 92 | 16.6 
11 Cecil sandy loam | South | Unknown | 654 90 13.7 
| Carolina 
12 | Lintonia finesandy loam | Arkansas | Unknown | 1,110 46 4.1 
13 | Hampstead silt loam | Minnesota | None 11,564 | 63 4.0 
14 | Webster silty clay Minnesota | Medium /| 1,340/ 147 | 11.0 
15 | Maury silt loam Kentucky | None | 5,644 | 697 | 12.3 
16 | Miami silt loam Wisconsin | None | 1,334} 226 | 16.9 
17 | Colby silt loam Wisconsin | None | 1,434] 163 11.3 
18 Colby silt loam Wisconsin | None 1,074 | 26 2.4 
19 | Grundy silt loam Illinois | None | 1,100} 24 | 2.2 
20 ~~ Gray silt loam Illinois | None | 1,024 13¢ | 13:4 
21. Gray silt loam Illinois | Slight | 604/ 36 | 5.2 


was considerable doubt as to the phosphate response it was recorded as 
“unknown.” 

As the table shows, the total phosphorus content of the soils varied from 240 
pounds per acre in a Ruston sand from Alabama to 5644 pounds per acre in the 
Maury silt loam from Lexington, Kentucky. The variation in phosphorus 
soluble in 0.2 N nitric acid is very striking, ranging from 7 to 697 pounds per 
acre. Only 1 per cent of the total phosphorus in soil 8, Decatur silt loam, was 
soluble in dilute acid. On the other hand, 37 per cent of the total phosphorus 
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in soil 9, a silt loam from the Delta substation of the Mississippi Agricultural 
Experiment Station, was soluble in dilute acid. These data show that the 
twenty-one soils represent a very wide range of conditions with respect to total 
phosphorus, phosphorus soluble in dilute acids, and the crop response to phos- 
phate fertilization. It would be expected, therefore, that the soils would show 
a wide variation in the organic and inorganic phosphate content of the displaced 


solution and 1:5 soil extract. 
TABLE 2° 


Data on the displaced solution and 1:5 soil extract of the soils indicated 


MOIS- DISPLACED SOLUTION 1:5 EXTRACT 
sumone a pa Specific Inor- Or- Inor- | Or- | H-ion 
TENT resist- ganic ganic ganic ganic | concen- 
ance PO, POs PO, PO, | tration 
percent| ohms p.p.m. | p.p.m.| p.p.m. | p.p.m. pH 
1 | Greenville sandy loam 11,2 420 | 0.03 | 0.23 | 0.06 | 0.10 | 5.65 
2 | Norfolk sandy loam 9.4] 1,212 | 0.14 | 0.54} 0.38 | 0.26 | 5.67 
3 | Orangeburg sand 9.2 | 1,580 | 0.02 | 0.28 | Trace | 0.13 | 5.57 
4 | Ruston sand 7.0 | 2,020 | Trace*| 0.38 | Trace | 0.09 | 5.40 
5 | Cecil clay loam 10.0 483 | Trace | 0.42 | 0.05 | 0.05 | 5.80 
6 | Portsmouth sandy loam 8.1 729 | Trace | 0.24 | Trace | 0.12 | 4.40 
7 | Norfolk sandy loam 12.9 126 | 0.04 | 0.60} 0.03 | 0.17 | 5.20 
8 | Decatur silt loam 13.1 | 1,175 .| 0:05 | 0.15 | Trace | 0:06 | 5.55 
9 | Silt loam 14.6 572 | 0.30 | 0.43 | 0.85 | 0.40 | 6.00 
10 | Tifton sandy loam 8.4 152°|)0532' | O760"| 1.72 |-O°S7 | 3:65 
11 | Cecil sandy loam 14.6 93 | 0.06 | 0.90} 0.11 | 0.14 | 5.60 
12 | Lintonia fine sandy loam 19.8 668 | Trace | 0.30 | 0.17 | 0.07 | 6.00 
13 | Hempstead silt loam 20.6 653 | Trace | 0.51 | 0.35 | 0.45 | 5.40 
14 | Webster silty clay 14.5 256 | 0.04 | 0.88 | 0.17 | 0.23 | 7.70 
1S | Maury silt loam 18.5 680 | 0.08 | 0.56] 1.58 | 0.26 | 5.85 
16 | Miami silt loam 20.2 274 | 7.26¢ | .... | 4.80 | 0.64 | 6.25 
17 | Colby silt loam 21.4 548 | 0.03 | 0.26 | Trace | 0.25 | 5.50 
18 | Colby silt loam 19.6 | 1,083 | 0.03 | 0.37 | Trace | 0.22 | 5.95 
19 | Grundy silt loam 24.2 585 | 0.04 | 0.68 | 0.03 | 0.15 | 5.20 
20 | Gray silt loam 18.8 243 | 0.35 | 0.89 | 0.98 | 0.62 | 6.15 
21 Gray silt loam 17.4 216 | 0.20 | 0.18 | 0.19 | 0.11 | 6.30 
UIE RSs mess. ig tei Ye ass eee Sartnen ate er. 0.09 | 0.47 | 0.35 | 0.22 


* Results are recorded as trace when the concentration is less than 0.02 p.p.m. In some 
instances the solution was apparently phosphorus free. 
} Figure is for total phosphorus. Results for this soil are not included in the average. 


After the soils were brought to the laboratory, water was added to bring 
them to a moisture content satisfactory for displacement. After standing 
24 hours, each was thoroughly mixed and allowed to stand in a covered jar for 
at least 48 hours before the soil solution was displaced. The displacement 
method as modified by Burd and Martin (1) was used to obtain the soil solu- 
tion. The specific resistance of the solution was determined at the tempera- 
ture of 25°C. 
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The soil extracts were prepared from air-dry soil by the collodion sack method 
(7). The H-ion concentration of the extract was determined colorimetrically 
by the procedure described in a previous paper (7). 

The content of organic and inorganic phosphorus was determined by the 
procedure recommended by Parker and Fudge (5). 

Table 2 gives the data obtained from a study of the displaced solutions and 
the 1:5 soil extracts. As indicated by the specific resistance, the salt content 
of the soil solutions varied widely, from a resistance of 93 ohms to 2022 ohms. 
The corresponding figures for total solids before ignition are 9,430 and 540 
p.p.m. The reaction of the extracts varied from pH 4.40 to 7.70, but the 
reaction of most of the soils was between pH 5.0 and 6.0. 

The data for phosphorus in the displaced solution show that nearly all soils 
give solutions having a very low concentration of inorganic phosphate. The 
maximum concentration, with one exception, was 0.35 p.p.m. The displaced 
solution from soil 16 contained 7.26 p.p.m. total phosphate. Although inor- 
ganic phosphate was not determined, the data on the water extract make it 
seem probable that the inorganic phosphate content was approximately 6.0 
p-p-m. This soil had been heavily fertilized and would probably be considered 
a “garden soil.” Several of the very productive soils give solutions with a very 
low concentration of inorganic phosphate. For instance, soil 15 from Lexing- 
ton, Kentucky, and soil 13 from Aledo, Illinois, are both very productive, 
having an average corn yield of more than fifty bushels an acre, yet the dis- 
placed solution from these soils contained only 0.08 and 0.04 p.p.m. inorganic 
PO,. Soils 17 and 18 are considered very fertile and do not respond to phos- 
phate fertilization; yet their displaced solution contained only 0.03 p.p.m. 
inorganic phosphate. A careful study of all the data indicates that there is 
only a slight correlation between the concentration of inorganic phosphate 
in the displaced solution and the crop response to phosphate fertilization when 
all soils are considered. These data and some unpublished results show that a 
better correlation is secured when the comparison is limited to soils of the same 
or similar types. 

The concentration of organic phosphate in the displaced solution varied from 
0.15 p.p.m. to 0.90 p.p.m. PO, with an average for the twenty soils of 0.47 
p.p.m. This represents 84 per cent of the phosphorus in the displaced solution 
and shows that in most soils a large part of the phosphate in solution is in the 
organic form. In only one soil, number 16 excepted, was there as much in- 
organic as organic phosphorus. 

The results for phosphorus in the displaced solution show that the solutions 
from nearly all soils contain at least 0.20 p.p.m. total PO,. This result differs 
from that of Parker and Tidmore (6) in that their data indicate that some soils 
give solutions much lower in total phosphate. This difference is probably due 
to the fact that they dialyzed all of their solutions and, as shown by Pierre and 
Parker (7), the collodion sack may absorb a portion of the phosphate. The 
resulting error is probably rather large when the solutions contain only small 
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amounts of phosphate, most of it in the organic form. The error, however, 
was probably not large enough to influence the conclusions drawn from the 
work. There was no such error in their determination of phosphorus in the 
soil extract. It should be noted, however, that in their work on soil extracts 
only inorganic phosphate was determined. 

Burd and Martin (1) determined the phosphorus content of the displaced 
solution of several California soils. The content of total PO, varied from 1.1 
to 12.5 p.p.m. All of the soils studied were slightly alkaline and apparently 
relatively high in water-soluble phosphorus. Most of the phosphate in the 
displaced solution from such soils is probably in the inorganic form. 

The inorganic phosphate content of the soil extracts varied from a trace in 
several soils to 4.80 p.p.m. in the extract from soil 16. Three soils gave ex- 
tracts containing more than 1.0 p.p.m. inorganic phosphate. Here, as in the 
displaced solution, several productive soils that do not respond to phosphate 
fertilization have only a trace of inorganic phosphate in their extracts. Ap- 
parently, there is little correlation between water-soluble phosphate and the 
crop response to phosphate on different soils. Such a correlation would prob- 
ably be found if the study were limited to soils of the same or similar types. 

Probably one of the most interesting studies that can be made with the data 
of table 2 is to compare the results obtained with the displaced solutions and the 
soil extracts. Such a comparison shows that in many instances the soil extract 
contains considerably more inorganic phosphate than the displaced solution. 
The average for the twenty soils is 0.09 p.p.m. in the displaced solution and 0.35 
p-p-m. in the water extract. The organic phosphate gives just the opposite 
result, the average concentration in the displaced solution being more than 
twice the concentration in the extract. Apparently, the solubility of the inor- 
ganic phosphate is much greater than that of the organic. Possibly a better 
explanation of the results would be to assume that the salts of the soil solution 
depress the solubility of the inorganic phosphate more than that of the organic 
phosphate. Then as a result of dilution with water the high solubility of the 
inorganic phosphate is made more apparent. The data indicate that although 
the concentration of inorganic phosphate in the soil solution is very low, the 
solubility of the inorganic soil phosphate is such that the concentration can 
probably be maintained nearly constant. The organic phosphate, on the other 
hand, is relatively much higher in the displaced solution but has a low solu- 
bility in many soils. 


Availibility of the organic phosphorus 


Since the data in table 2 show that most of the phosphorus in the soil solution 
is organic it is important to determine whether the organic phosphorus can be 
absorbed by plants. In the past apparently it has been assumed that all of the 
water-soluble phosphate is inorganic. At least the assumption has been made 
that all water-soluble phosphorus is available to plants (3,6). Itisessential that 
the validity of this assumption be determined since considerable attention 
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has been given to the relation of the composition of the displaced solution to 
the mineral nutrition of the plant. 

In order to study the relative availability of the two forms of phosphorus 
several absorption experiments were carried out as follows: Corn, soybean, 
and buckwheat plants were grown in culture solutions containing only enough 
phosphate to support a good vigorous growth. After the plants had attained 
some size and were making rapid growth, they were placed in culture vessels 
containing either a soil extract or a quantity of displaced solution. Organic 
and inorganic phosphates were determined in the soil extract or solution before 
the plants were placed init. After the plants had been in the solution 24 hours 
it was again analyzed for organic and inorganic phosphorus. At the same time 


TABLE 3 
Data on the absorption of the inorganic and organic phosphorus of soil extracts and a soil 
solution* by different plants 


ane POy iw cuttures at | PO, IN CULTURES ABSORPTION OF PQ, 
= | BEGINNING | AFTER 24 HOURS IN 24 TOURS 
NUMBER | 
Kind Age | Inorganic | Organic | Inorganic Organic | Inorganic |} Organic 
| weeks | p.p.m. | p.p.m. | p-p.m. | p.p.m. ppm. | p.p.m. 
1 | Buckwheat | 5 | 0.52 | 0.40 | 0.23 | 0.43 | 0.29 | 0.00 
2 | Soybeans 2 0.52 | 0.40 | 0.04 | 0.38 0.48 0.02 
3 Soybeans 6 0.68 | 0.17 | Trace 0.16 0.68 | 0.01 
4 | Corn a 0.68 | 0.17 Trace | 0.18 0.68 0.00 
- Cornt | 8 0.18 | 0.26 | Trace | 0.30 0.18 | 0.00 
6 Corn 4 0:35 | 0:48 | 0:02 | 0:20 | 0.33 0.00 
7 Corn | @ 41942 0.28 | Trace | 0.32 | 0.12 | 0.00 


* Culture 7 was made up of a composite of several! displaced soil solutions. 

In cultures 1, 2, and 5 there was one plant per 500 cc. of soil extract, in cultures 3 and 4 
there was one plant in 2000 cc., whereas in cultures 6 and 7 there was one plant per 1000 cc. 
Some, but not all, of the above cultures were in duplicate. 

t There was only a trace of inorganic PO, in the cultures after the plants had remained 
in them for five hours. 


determinations were made on blanks—solution in which no plants were grow- 
ing. The results of the experiments are givenin table 3. Since the concen- 
tration of organic and inorganic phosphate in the blanks did not change during 
24 hours the final results are not given in the table. 

The data in table 3 show that corn, soybeans, and buckwheat absorb inor- 
ganic phosphate very readily. Practically all of the inorganic phosphorus was 
absorbed in 24 hours except in the case of buckwheat. In several of the cul- 
tures determinations made after 6 hours showed that the inorganic phosphorus 
was almost completely absorbed in that period of time. On the other hand, 
the data show that none of the organic phosphate was absorbed by any plant 
in the 24-hour period. In cultures 3, 4, 6, and 7, the concentration of organic 
phosphorus was the same after 48 hours as at the beginning of the experiment. 
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The data seem to show rather conclusively that the organic phosphorus, as 
such, in the displaced solution or in the soil extract is not available to plants. 
Apparently, the plant absorbs only inorganic phosphate. The significance of 
this conclusion will be discussed later in the paper. 

In addition to the absorption experiments, another experiment was made in 
order to study further the availability of water-soluble organic phosphorus 
to the corn plant. In this experiment corn was grown for a period of 41 days 
in soil extracts some of which contained only organic phosphorus whereas others 
contained both organic and inorganic phosphorus. Seven soils, from field 
plots of known phosphate fertilization, were used in the experiment. The 
cultures were so arranged that the phosphate content of the extract was 
rather effectively renewed by more phosphate coming into solution from the 
soil. The detailed procedure follows: 

One hundred grams of dry soil were placed in each of twenty 500-cc. collodion 
sacks. Water was added to make a thin mud and the sacks were closed by 
tying with a soft cotton string. The 20-sacks were then placed in a 1-gallon 
earthenware jar and 3000 cc. of a phosphorus-free nutrient solution was added 
to fill the jar. A glass tube entered the jar through a rubber stopper near the 
bottom. This provided a means of aeration and of stirring the extract, thereby 
hastening diffusion from the soil. Aeration was obtained by connecting all 
jars with an air pump, which was operated by an automatic time switch. The 
switch was adjusted to operate the pump for a period of 3 minutes at intervals 
of 1 hour. The bubbling in the jars was very rapid during the 3 minutes and 
seemed to afford very good aeration and stirring. 

The organic and inorganic phosphate content of the extract or culture solu- 
tion was determined twice a week during the growing period. As the plants 
grew and absorbed phosphorus the concentration of inorganic phosphate de- 
creased. The concentration of organic phosphorus remained nearly constant. 
The phosphate content indicated in the accompanying table is the average of 
sixteen determinations made at regular intervals during the growing period. 

All cultures were in duplicate with two plants to each culture. The corn was 
harvested 41 days after planting and the dry weight and phosphorus content of 
the plants were determined (table 4). 

The first three soils gave extracts that contained considerable organic phos- 
phorus but not a determinable amount of inorganic phosphate. The corn made 
practically no growth in these extracts. Although a phosphorus-free culture 
solution was not included in this series, other work (table 5) shows that such a 
culture produces two plants weighing about 2.0 gm. and containing approxi- 
mately 5.0 mgm. of phosphate. Apparently, therefore, the plants in the first 
three cultures made no more growth than they would have made ina phosphorus- 
free solution. The growth in the last four cultures, which all contained some 
inorganic phosphate, was closely correlated with the average inorganic phos- 
phate content of the extract, and was even more closely correlated with the 
amount of phosphate absorbed. The organic phosphate content of the differ- 
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ent extracts was nearly the same, the average for the first three extracts being 
0.15 p.p.m. and the average for the last four, 0.18 p.p.m. POy. It is evident 
from this experiment that corn will not grow on organic phosphate at the con- 
centration found in these soil extracts. The same concentration of inorganic 
phosphate produced good growth. This result confirms the conclusion drawn 
from the absorption studies; namely, the organic phosphate in the soil solution 
is not absorbed by the plants used in these experiments. 


DISCUSSION 


The experimental results bring out two important facts: First, most of the 
phosphorus in the displaced solutions is in the organic form, the concentration 
of inorganic phosphate in the displaced solution being very low; second, the 


TABLE 4 
Dry weight and phosphorus content of corn grown in soil extracts of the phosphorus 
content indicated 


PO.t som exteacr® | wmnae | PO, CONTENT OF 
SOIL PHOSPHATE TREATMENT | OF TWO | PLANTS 
| Inorganic | Organic PLANTS | 

p-p.m. p.p.m. gm per cent mgm. 
Silt loam None Trace | 0.14 | 1.70 | 0.29 5.0 
Sandy loam None Trace 0.16 2.22 0.31 | 6.9 
Black clay loam None Trace | 0.15 235 0.28 | 6.5 
Silt loam None 0.02 0.14 3.97 0.29 | 11.3 
Sandy loam Acid phosphate 0.04 0.18 ‘22 0.32 | 23.0 
Silt loam Zone meal 0.08 0.18 6.45 | 0.35 | 22.5 
Silt loam Acid phosphate 0.19 0.21 14.50 0.34 | 48.8 


* Each figure is the average of 16 determinations made at regular intervals during the grow- 
ing period. 


water-soluble organic phosphate is not absorbed by plants and is consequently 
unavailable to the plant as long as it remains in the organic form. 

The unavailability of the organic phosphate does not mean that such phos- 
phates may not be made available to the plant by biological agencies within 
the soil. It is probable that in all soils, organic phosphates are being decom- 
posed and the phosphorus is being made available to the plants as a result of 
bacterial action. The rapidity with which the organic phosphate is made 
available depends on many factors, one of the most important being the nature 
of the organic matter. The data of table 4 indicate that the rate of conversion 
is very slow in those soils, for during the growing period of 41 days very little, 
if any, of the organic phosphate became available to the corn. The slow rate 
of conversion is further indicated by the fact that in the displaced solution of 
most of the twenty-one soils studied more than seventy-five per cent of the 
phosphorus was organic. If the organic phosphate was being rapidly changed 
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into the inorganic form this would probably not be the case. Apparently, 
therefore, the concentration of organic phosphate in the soil solution and soil 
extract represents the solubility of relatively insoluble and stable organic 
matter that contains a small percentage of phosphorus. 

In studies on the relation between the composition of the soil solution and 
the mineral nutrition of the plant apparently the assumption has been made 
that all water-soluble phosphate is available to the plant (3,6). That such an 
assumption is erroneous is shown by the experimental data in tables 3 and 4. 
Consequently, when such studies are being made only the concentration of 
inorganic phosphates should be considered. Since the concentration of inor- 
ganic phosphate in many soils is so very low as compared to the content of total 
phosphorus, this distinction may make a very decided difference in the conclu- 
sions arrived at from plant nutrition studies. 


SUMMARY 


The content of organic and inorganic phosphate was determined in the dis- 
placed solution and 1:5 water extracts of 21 soils from 9 states. Absorption 
and growth studies were then made to determine the availability to plants of 
the water-soluble organic phosphate. The results of the investigation may be 


summarized as follows: 


1. In the displaced solution from 20 soils, the average content of inorganic phosphate was 
0.09 p.p.m., and the average content of organic phosphate was 0.47 p.p.m. 

2. The 1:5 soil extracts of the same soils gave an average concentration of 0.35 p.p.m. 
inorganic phosphate and 0.22 p.p.m. organic phosphate. 

3. It was shown by absorption experiments that plants would not absorb organic phosphate 
from soil extracts or the displaced solution. In the same experiment the plants absorbed all 
of the inorganic phosphate present. 

4, In another experiment corn made no growth when organic phosphate in soil extracts was 
the only source of phosphorus, but made good growth in other soil extracts containing inor- 
ganic phosphate. The growth in the various extracts was almost proportional to the inor- 
ganic phosphate present. 

5. The bearing of these results on problems in plant nitrition is briefly discussed. 
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Recent investigations in this laboratory (12, 14) have shown that the phos- 
phate concentration of the displaced soil solution is usually very low. In the 
accompanying paper Pierre and Parker (14) show that the displaced solution 
from most of the soils studied contains less than 0.50 p.p.m. PO,. A consider- 
able proportion of the phosphorus in the solution was found to be organic and 
relatively unavailable to plants. In view of these results the question arises 
as to whether plants absorb all of their phosphorus from the solution and, if 
so, what concentration of phosphorus is necessary for satisfactory plant 
growth. If plants make satisfactory growth in culture solutions of approxi- 
mately the same concentration as found in the displaced solution we can 
assume that the solid phase is relatively unimportant in plant nutrition, its 
only function being that of supplying various elements to the soil solution. 
If, however, plants will not grow in such dilute solutions it would be reasonable 
to explain plant growth in such soils by one or more of the following 
assumptions: 


1. The displaced solution is not the true soil solution. 

2. The plant roots exert a solvent action on the soil particles and thus bring more phos- 
phorus into solution, producing a higher phosphate concentration at the absorbing surfaces. 

3. As a result of a Donnan equilibrium, there is a higher concentration of phosphorus in 
the solution at the surface of the soil particles than in the displaced soil solution. The plant 
roots, being in very intimate contact with the soil particles, absorb most of their phosphorus 
from this more concentrated solution. 


These points will be discussed in some detail after the presentation of ex- 
perimental data on the growth of plants in solutions of different phosphate 
concentrations. 

Hoagland and his associates have made a study of the phosphorus content 
of the soil solution and its relation to the phosphorus nutritionof plants. They 
first studied the composition of the displaced solution of several soils (1) and 
found that the phosphate content varied from 1.1 p.p.m. to 12.5 p.p.m. Hoag- 


1 Published with the permission of the director of the Alabama Agricultural Experiment 
Station. 
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land and Martin (5) then grew plants in culture solutions of different phosphate 
concentrations, the lowest being 0.7 p.p.m. Very satisfactory growth of 
barley was secured at that concentration and in a second experiment, maximum 
growth was secured at a phosphate concentration of 1.1 p.p.m. As a result 
of these studies Hoagland (4) concludes that, “the concentration and com- 
position of the soil solution from productive soils are of such a nature as to be 
adequate (for plant growth) apart from the solid phase of the soil.” Un- 
fortunately they did not study soils whose solution had lower concentrations 
of phosphate, nor did they study plant growth in more dilute solutions of 
phosphate. 

As a result of the recent studies in this laboratory it seemed that either 
Hoagland’s conclusion was incorrect or that plants would grow in considerably 
more dilute phosphate solutions than were used by Hoagland and Martin. 
In an earlier paper (12) the writer and Tidmore expressed the opinion that 
plants would not make good growth in phosphate solutions of the concentration 
found in the displaced solution from many productive soils. In order to study 
these points in more detail, experiments were started to determine: 


a. The concentration of inorganic phosphate essential for maximum plant growth. 
b. The rate of absorption of phosphate from culture solutions of different phosphate 
concentrations. 


EXPERIMENTAL PROCEDURE 


The general plan of the various experiments was to grow plants in solution 
cultures at phosphate concentrations of 0.05, 0.10, 0.25, 0.50, 1.0, 2.0, 5.0 and 
10.0 p.p.m. A culture solution similar to one of Hoagland’s (5, p. 372), was 
used in all the experiments. Table 1 gives the composition of the solution as 
used in experiments 1 and 4. The solution used in experiment 2 was one-half 
the concentration indicated in the table. Iron was added as ferric tartrate, 
but special consideration will be given to the method of supplying iron. Dis- 
tilled water was used in the first and fourth experiments. In the second 
experiment rain water containing a slight trace of phosphorus was used in all 
cultures. 

In all the solution culture experiments, an effort was made to maintain the 
phosphate concentration as nearly constant as possible. In an attempt to 
accomplish this, the plants were grown in rather large volumes of culture 
solution and the phosphate concentration was renewed once or twice a day. 
All cultures were in 7500-cc. glazed earthenware jars. In experiments 1, 3, 
and 4 there were two plants per culture but in experiment 2 only one plant was 
grown in a culture vessel. 

The concentration of phosphate in the culture solution was determined every 
morning by the blue colorimetric method of Denigés (11). After the deter- 
minations were made, sufficient potassium acid phosphate was added to renew 
the original concentration of phosphorus. After the plants had attained some 
size, the concentration of phosphate was determined and renewed twice a day. 
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This procedure, together with the use of large volumes of solution, seemed to 
afford a good means of maintaining the phosphate concentration fairly con- 
stant. Subsequent data, however, will show that in some cultures of rather 
low phosphate concentration the method adopted did not satisfactorily main- 
tain the concentration. The method has the advantage over some other 
methods that might be used, in that it gives some very significant data on the 
rate of absorption of phosphate. 

After the plants were harvested, they were analyzed for phosphorus by the 
regular volumetric method. 


Experiment 1—corn grown in culture solutions 


Corn was germinated in quartz sand and transferred to culture solutions of 
different phosphate concentrations. Two vigorous seedlings were placed in 
each culture of 7500cc. The solution had the composition indicated in table 1 
and the phosphate concentration indicated in table 5. Ferric tartrate was 
added to give a concentration of 3.30 p.p.m. Fe. During the first two weeks 
the plants made satisfactory growth at phosphate concentrations of 1.0 p.p.m. 


TABLE 1 


Composition of the culture solution 


K Ca Mg NOs SO; NaCl MnSO, 
Mgm. equivalent......./ 2.98 7.60 Sc20.| 10270 3.25 as wt 
1 os ae SR | 116 152 39 665 156 25 1.5 


or greater. At concentrations of less than 1.0 p.p.m. growth was poor and 
absorption of phosphate was rather slow. Once a week the entire solution 
was changed. It was noticed that with low concentrations of phosphate 
absorption was very rapid immediately following the change of solutions. 
Within twenty-four hours, however, the rate of absorption materially decreased 
although the concentration of phosphate was renewed. Accompanying this 
change in the rate of absorption there was a change in reaction from pH 5.0 
to pH 6.2. It was also noticed that there was a considerable precipitate of 
iron in most of the cultures. These observations indicated that possibly the 
presence of iron was preventing the absorption of phosphate from solutions 
of low concentration by precipitating most of the phosphorus as colloidal iron 
phosphate. The colloidal phosphate remained in suspension and because of 
the acid reagent used in the phosphorus determination it produced the same 
analytical result that would have been secured if the phosphorus were in true 
solution. 

In order to determine whether part of the phosphate was precipitated as 
colloidal iron phosphate its diffusibility was determined. Small collodion 
sacks containing 100 cc. of water were placed in the culture solutions containing 
iron. At the same time sacks were placed in an iron-free solution. The re- 
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action of both solutions was approximately pH 6.2. The collodion sacks 
remained in the culture solution for 24 hours, after which phosphorus was 
determined in the solution inside and outside of the collodion sack. The 
results are given in table 2, and show very clearly that when iron was present 
in the solution a considerable proportion of the phosphorus was non-diffusible. 
On the other hand, when iron was omitted from the solution all of the phos- 


TABLE 2 
Concentration of phosphate outside and inside of a collodion sack placed in the culture solution 


IRON IN THE SOLUTION } IRON-FREE SOLUTION 
PO, outside sack PO, inside sack ; | PO, outside sack PO, inside sack 
p.pm. p.p.m. p.p.m. | p.p.m. 
0.16 0.03 0.09 0.09 
0.29 0.10 0.22 0.21 
0.54 0.13 0.34 0.30 
1.24 0.13 | 0.88 0.68 
2ose 0.96 1.84 1.84 
4.32 3.46 4.80 4.80 
9.92 8.64 10.40 9.60 
TABLE 3 


Amount of phosphate absorbed by corn from cullure solutions with and without iron* 


AMOUNT OF PO; ABSORBED 
PO, IN SOLUTION 


Iron in solution Iron-free solution 


p.p.m. mgm. mgm. : mgm. 

0.05 0.37 0.05 0.18 
0.10 0.75 0.04 0.39 
0.25 1.87 0.37 0.97 
0.50 PR fe 0.75 2.29 
1.00 7.50 0.90 5.78 
2.00 15.00 6.60 10.42 
5.00 37 


.50 7.50 8.63 


* Absorption interval, 24 hours. 
Age of plants, 19 days. 


phorus was diffusible, as is indicated by the fact that the concentration of the 
solution inside the sack was the same as the concentration outside of the sack. 

That this non-diffusible iron phosphate is not absorbed by the plant is shown 
by the data given in table 3. One series of plants was allowed to remain in 
the usual culture solution, while another series was placed in an iron-free culture 
solution. Both series were brought to the same phosphate concentration. 
After 24 hours, the concentration of phosphorus was determined in all cultures 
and the amount of phosphate absorbed was calculated. These data show that 
at the lower concentrations, phosphate absorption was much greater in the 
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iron-free solution than in the regular culture solution containing iron. At 
concentrations of 2.0 and 5.0 p.p.m. PO, the presence of iron did not materially 
influence absorption, because there was insufficient iron to precipitate all of the 
phosphate. 

After it was found that the presence of iron was preventing the absorptions 
of phosphate, iron was omitted from the culture solution. The plants were 
grown in the iron-free solution until they began to show a need for iron. When 
they became slightly chlorotic, iron was added to the solution for a period of 
one or two days. The solution was then changed, iron was omitted, and the 
plants were grown until they became chlorotic. It was necessary to add iron 
about once every week or ten days. More frequent additions were necessary 
in the early than in the late stages of growth. 

That the modified procedure was more favorable for growth than the original 
procedure is shown by measurements of the plants. The corn in experiment 1 
was grown for 2 weeks in the culture solution containing iron. At the end 
of the second week the iron-free solution was substituted for the regular 


TABLE 4 
Height of corn 2 and 4 weeks after being placed in the culture solution 


| CONCENTRATION OF PO, IN P.P.M. 
j 


| 0 | 005 | 010 | 025 | 0.50 | 1.00 | 2.00 | 5.00 
a ee 

| cm cm cm. cm. cm cm. } cm. | cm 

| 
Height at 2 weeks.............| 31.0 | 37.5 | 41.2 | 45.5 | 51.0] 62.7 | 63.0 | 67.0 
Height at 4 weeks.............| 38.0 | 52.0 | 58.5 | 76.0 | 84.5 | 101.0 | 89.5 | 87.5 

| 7.0 | 14.5 | 17.3 | 30.5 | 33.5 | 38.5 | 26.5 | 20.5 


Increase last 2 weeks.......... 


solution. The height of the plants, measuring to the tip of the longest leaf, 
was determined at the end of the second and fourth weeks. Table 4 gives these 
measurements together with the increase in height for the 2 weeks following the 
change to the iron-free solution. It will be noticed that when 2 weeks old 
the plants in the cultures containing 1.0 p.p.m. PO, or more were decidedly 
better than the plants grown in solutions containing less than 1.0 p.p.m. 
PO,. Following the change of solution, however, the plants grown in solutions 
containing 0.25 and 0.50 p.p.m. made good growth. The increase in height 
during the two weeks following the change of solution was very nearly the 
same for the cultures containing 0.25, 0.50, 1.0, and 2.0 p.p.m. PO,. 

The corn was harvested 36 days after planting, having been in the culture 
solution 31 days. The dry weight of roots and tops together with the per- 
centage of phosphorus in each was determined and the data are recorded in 
table 5. Apparently maximum growth of corn was secured at a concentration 
of 1.0 p.p.m. PO,. This agrees very well with the results of Hoagland and 
Martin (5). Rather satisfactory growth, however, was secured at concentra- 
tions of 0.50 and 0.25 p.p.m. PO,. It is very probable that much better growth 


134 F. W. PARKER 


would have been secured at these concentrations if the iron-free culture solution 
had been used during the entire growing period. Absorption studies also 
indicated that any method of procedure that would tend more nearly to main- 
tain the concentration of phosphate would undoubtedly favor better growth 
at the lower concentrations of phosphate. 

In order to check the analytical work, both for adding phosphate and in the 
plant analysis, the amount of phosphate added during the growing period was 


TABLE 5 
Dry weight and percentage phosphate in corn grown in solution cultures of the 
phosphate concentration indicated 


DRY WEIGHT OF PLANTS PO, CONTENT OF PLANTS 


PO, IN SOLUTION 


| 

Tops | Roots | Total | Tops Roots 
p.p.m. gm. gm. gm. | per cent per cent 
None 1.15 | 0.95 | 2.10 | 0.25 | 0.28 
0.05 2.30 | 1.35 | 3.65 | 0.28 | 0.28 
0.10 3.45 | 1.85 | 5.30 | 0.30 0.37 
0.25 6.90 | 3.20 | 10.10 | 0.46 | 0.56 
0.50 10.60 | 405 | 14.65 | 0.46 | 0.55 
1.00 18.00 | 6.00 | 24.00 | 0.67 | 0.77 
2.00 16.85 7.45 24.30 0.94 1.08 
5.00 19.77 | 6.05 | 25.82 1.17 1.34 

TABLE 6 


Amount of phosphate added to the culture solution, and the amount and percentage 
recovered in the plant 


CONCENTRATION OF PO; PO, ADDED TO CULTURE PO, RECOVERED IN ADDED PO, RECOVERED 
IN CULTURE SOLUTION SOLUTION PLANTS IN PLANTS 
p.p.m mgm. mgm. } per cent 
0.05 5.89 4.53 76.8 
0.10 13.01 11.66 89.5 
0.25 48.84 48.96 100.0 
0.50 75.24 65.01 86.4 
1.00 162.30 161.51 99.5 
2.00 246. 3 233.74 94.7 


5.00 298 . 33 306.74 


102.6 


compared with the amount recovered in the plant. These data are given in 
table 6. The last column of the tabie gives the percentage of added phosphate 
recovered in the plant. The percentage recovery was very good in all cultures 
except that containing only 0.05 p.p.m. PO, in solution. In both of the sub- 
sequent solution culture experiments the recovery of added phosphorus was 
very good—usually about 90 per cent. 

The results of this experiment show that the maximum growth of corn may 
be secured in a solution containing 1.0 p.p.m. POy. The dialysis and ab- 
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sorption studies show that in solutions of low phosphate concentration it is 
necessary to omit iron from the solution except for periods of one or two 
days at 7- to 10-day intervals. Absorption studies similar to that given in 
table 3 show that the phosphate concentration was not maintained constant 
when two plants were grown per culture of 7500 cc. and the phosphate con- 
centration was renewed twice a day. 


Experiment 2—corn grown in culture solutions 


Experiment 2 was planned to overcome some of the difficulties encountered 
in the first experiment. All cultures were in triplicate, with only one corn plant 
per culture of 7500 cc. An iron-free culture solution was used throughout the 
experiment except for an occasional period of one day, when the plants became 
somewhat chlorotic because of a deficiency of iron. The culture solution was 


TABLE 7 
Amount of phosphate absorbed, in 8- and 16-hour periods, from culture solutions of the phosphate 
content indicated* 


PO; CONTENT OF SOLUTION PO; ABSORBED 
PO, CONTENT OF SOLUTION ; 
i. | ee InShours —— |_——_In 46 hours 
arent : | - mgm. p.p.m,. p.p.m. mgm. per cent | mgm. | per cent 
0.05 | 0.37 0.031 0.026 0.14 37.8 | 0.18 | 48.6 
0.10 | 0.75 0.047 0.033 0.40 53.4 | 0.50 | 66.6 
0.25 | 175 0.106 0.062 1.08 518° | : 41 | 15:5 
0.50 | 3.75 0.170 0.118 2.48 = 2 | oe | 76.5 
1.00 i @:S0 0.580 0.455 3.15 a er | 54.6 


* The plants were 19 days old when the absorption study was started. There was one 
plant per culture of 7500 cc. All figures are the average of two or three cultures over a 4-day 
period, 


The 8-hour period was from 8:30 a.m. to 4:30 p.m. The 16-hour period was from 4:30 
p.m. to 8:30a.m. 


analyzed for phosphate twice a day and the phosphate concentration renewed 
immediately after making the determinations. Even under this method of 
procedure the concentration of phosphate was not maintained satisfactorily. 
This is indicated by the absorption data of table 7. 

These data show that at all concentrations from 0.05 to 1.0 p.p.m. PO,, the 
19-day-old plants removed approximately one-half of the phosphate in the 
8-hour period. During the 16-hour period from one-half to three-fourths 
of the phosphate was absorbed by the plant. At the lowest phosphate con- 
centrations, 0.05 and 0.10 p.p.m. PO,, almost as much phosphate was absorbed 
in 8 hours as was absorbed in the longer period. Apparently the plant could 
not readily reduce the concentration of phosphate lower than 0.03 p.p.m. 
PO,. Using the data for the solution containing 0.10 p.p.m. PO,, one can cal- 
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culate the amount of phosphate that would be absorbed in 4 days if the phos- 
phate concentration was renewed every 8 and every 16 hours—in the former 
case 4.8 mgm. of phosphate would be absorbed; in the latter case 3.0 mgm. 
would be absorbed. If the concentration could have been maintained at 
0.10 p.p.m. it is probable that at least 6.0 mgm. PO, would have been absorbed 
and the growth would have been correspondingly better. 

The corn of this series was harvested 33 days after planting. The dry 
weights of the plants are recorded in table 8 together with the percentage 
phosphate in the entire plants. All figures are the average of two or three 
cultures. In two or three instances one culture was omitted from the average 
because of insect injury. 

These data show that maximum growth was secured at a phosphate con- 
centration of 0.50 p.p.m. PO,. The growth at 0.25 p.p.m. was very good and 
if this concentration of the solution could have been maintained it would 


TABLE 8 


Dry weight and phosphate content of corn grown in culture solutions of the phosphate 
concentration indicated 


DRY WEIGHT OF PLANT 


PO, IN SOLUTION | Sees PO, IN ENTIRE PLANT 


Top | Root | Total | 
Dp. p.m. gm. gm. gm. | per cent mgm. 
| j 

None 0.46 0.48 0.94 0.26 2.45 
0.05 1.13 145 2.28 | 0.37 | 8.50 
0.10 2.68 1.73 4.41 | 0.40 17.46 
0.25 5.50 2.85 8.35 0.59 49.01 
0.50 8.10 3.65 75 | 0.73 85.66 
1.00 7.40 2.95 10.35 1.00 103.40 
5.00 7.45 2.80 10.55 1.a7 123.12 


doubtless have produced maximum growth. Growth at 0.10 p.p.m. PO; 
was approximately 40 per cent of the maximum but the absorption studies 
indicate that it would probably have been approximately 60 per cent of the 
maximum if the phosphate concentration could have been maintained constant. 
At the concentration of 0.05 p.p.m., growth was poor; under the most favorable 
conditions the growth would probably not have been one-half the maximum. 

The percentage of phosphate in the plant increased with the phosphate 
concentration of the culture solutions, the percentage at the point of maximum 
growth, 0.50 p.p.m. PO,, being twice as high as at the lowest concentration, 
0.05 p.p.m. PO,. These results are in close agreement with those of the first 
experiment. The percentage phosphate in the plant at the point of maximum 
growth was 0.69 and 0.73 per cent in experiments 1 and 2 respectively. 

The data obtained in the second experiment seem to indicate that if one 
could maintain the phosphate concentration constant, maximum growth of 
corn under the conditions of this experiment would be obtained at a phosphate 
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concentration of approximately 0.20 p.p.m. PO,. It should be noted that the 
experimental conditions were favorable for very rapid growth and as a result 
the required rate of phosphate absorption was higher than usually obtains 
under fieldconditions. Experiment 2 was started July 1 and growth was very 
rapid. Four weeks after planting, the best plants had attained a height of 85 
cm., measuring to the tip of the longest leaf. Under normal field conditions, 
it would probably require 6 weeks for the corn to make this growth. If the 
rate of growth is taken into consideration and if it is assumed that the soil 
maintained the phosphate concentration of the soil solution, it seems probable 
that good growth of corn would be secured if the soil solution contained 0.10 
p-p.m. inorganic PO,. It is very probable that a concentration of 0.15 or 
0.20 p.p.m. would produce maximum growth under field conditions. The 
bearing of these results upon the question of the phosphate absorption by 
plants grown in soil will be considered later. 


Experiment 3—corn grown in soil extracts 


As a further means of studying growth at different concentrations of phos- 
phate, corn was grown in the water extract of seven different soils. Soil 
was placed in collodion sacks and the plants were grown in the extract or 
diffusate. As the plant removed phosphorus from the extract more came into 
solution from the soil. The detailed procedure follows. 

One hundred grams of dry soil was placed in each of twenty 500-cc. collodion 
sacks. Water was added to make a thin mud and the sacks were closed by 
tying with a soft cotton string. The 20 sacks were then placed in a 1-gallon 
earthenware jar and 3000 cc. of the regular nutrient solution was added to 
fill the jar. A glass tube entered the jar through a rubber stopper near the 
bottom. This provided a means of aeration and of stirring the extract, thereby 
hastening diffusion from the soil. Aeration was obtained by connecting all 
jars with an air pump which was operated by an automatic time switch. The 
switch was adjusted to operate the pump for a period of 3 minutes at intervals 
of 1 hour. The rate of bubbling in the jars was very rapid during the three 
minutes and seemed to afford very good aeration and stirring. 

The phosphate content of the extracts was determined twice a week during 
the growing period. As the plants grew and absorbed considerable phosphorus 
the phosphorus content of the solution gradually decreased. ‘The phosphate 
content indicated in table 9 is the average for the entire growing period. 

The 7 soils used in the experiment were from plots whose phosphate treat- 
ments were known. All cultures were in duplicate with two plants to the 
culture. They were harvested 41 days after planting. Their dry weights and 
phosphorus content are given in table 9 together with the average content of 
inorganic and organic phosphate in the extracts. For convenience of com- 
parison, the bottom line of the table gives the same data from the culture that 
produced maximum growth in the second experiment. 
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These data show, as the previous article points out, that growth is dependent 
on the presence of inorganic phosphorus. Where there was no inorganic phos- 
phorus in solution there was little or no growth even though there was con- 
siderable organic phosphorus. 

The growth obtained in the various cultures varied with the concentration 
of inorganic phosphate in solution. In general the data are in very close 
agreement with the data of experiment 2, given in table 8. The soil extract 
culture with an average phosphate content of 0.04 p.p.m. produced two plants 
weighing 7.22 gm. The solution culture of 0.05 p.p.m. produced 4.56 gm. 
(The weight of two plants is given instead of the weight of one, as is given in 
table 8.) The soil extract of 0.08 p.p.m. produced 6.45 gm. and the solution 
culture at 0.10 p.p.m. produced 8.82 gm. Finally, the soil culture with an 


TABLE 9 
Dry weight and phosphorus content of corn grown in soil extracts of the phosphorus 
content indicated 


PON som | = 
son. PHOSPHATE | amare" | WEIGHT | POs CONTENT OF 
TREATMENT ane go a ee PLANTS 
pee | Organ PLANTS 

| p.p.m. | p.p.m. gm. percent) mgm. 

Se Acid phosphate | 0.04 | 0.18 | 7.22 10:32 | 23.0 
re | None Trace | O46.) 2:22) 0.31 6.9 
ED iS o.05 5d ictaynw dee olde .| Bone meal 0.08 | 0.18 | 6:45 10:35 | 22.5 
LU Se ee .| Acid phosphate 0.19 | 0.21 | 14.50 | 0.34 48.8 
a None 0.02| 0.14| 3.97/0.29| 11.3 
Black clay loam.............. None Trace | 0.15} 2.35 | 0.28] 6.5 
ee ee Be Trace | 0.14 1.70 | 0.29 5.0 
Culture solution..............| Experiment 2 0.50 | None | 23.50 | 0.73 | 171.32 


* The figures are the average of 16 determinations made at regular intervals during the 
growing period. 


average phosphate content of 0.19 p.p.m. produced 14.50 gm. Whereas the 
solution culture at a concentration of 0.25 p.p.m. produced 16.70 gm. In 
none of the soil cultures was maximum growth secured. This is indicated by 
comparing with the maximum growth of 23.50 gm. produced in the best cultures 
of experiment 2. It should be remembered that the growing period of experi- 
ment 2 was only 33 days whereas that of the soil extract cultures was 41 days. 

The first culture of the soil extracts is of special interest in that it shows that 
fairly satisfactory growth can be secured at a rather low concentration of 
phosphate. During the first week the average phosphorus content of the 
extract was 0.12 p.p.m. inorganic PO,. The plants made rather rapid growth, 
the phosphorus content fell to 0.04 p.p.m., and finally only a trace of inorganic 
phosphorus was in solution. As the phosphorus content decreased, the plants 
grew more slowly and at the time of harvesting they were making little or no 
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growth. Apparently, the corn plant can absorb phosphorus from very dilute 
solutions but the rate of absorption is not sufficiently rapid to permit maximum 
growth. 


Experiment 4—soybeans grown in culture solutions 


It seemed advisable to study the growth of more than one crop at different 
concentrations of phosphate, accordingly soybeans were used in this experi- 
ment. In nearly all respects the method was the same as that used in the 
first experiment with corn. Laredo soybeans were germinated and two plants 
transferred to 7500-cc. culture vessels. As in experiment 1, the solution 
contained iron during the first two weeks but after that time an iron-free culture 
solution was used except for short intervals of time. 

The soybeans made very satisfactory growth of tops but the root growth was 
not normal. There was very little branching of the roots and they never had 


TABLE 10 
Dry weights and phosphate content of soybeans grown in culture solutions of the phosphate 
concentration indicated 


DRY WEIGHTS OF PLANTS 
PO, IN SOLUTION POs, IN ENTIRE PLANT 
Tops Roots Total 

p.p.m. gm. gm. gm. percent mgm. 
None 0.60 OF17 0.77 0.27 2.08 
0.05 1.52 0.40 1.92 0.28 5.45 
0.10 2.10 0.47 257 0.31 7.99 
0.25 6.12 0.75 6.87 0.37 25.49 
0.50 10.32 1.20 ib ey 0.51 59.10 
1.00 10.20 tee 72 0.73 85.44 
2.00 11.80 1.10 12.90 0.92 118.03 
5.00 11.20 1.95 | 12°35 1.06 130.91 
10.00 10.25 | a ee 1.22 139.32 


the vigorous healthy appearance of the corn roots. This, however, probably 
did not seriously affect the results of the experiment. The soybeans were 
harvested 49 days after planting and the dry weight and phosphate content 
were determined as in previous experiments. These data are given in table 10. 

A phosphate concentration of 0.50 p.p.m. PO, produced maximum growth 
of soybeans. Plants grown in the more concentrated phosphate solutions 
were more stocky and the stems were thicker than those of plants grown at 
0.50 p.p.m. and less. With the lower phosphate concentrations the plants 
were more viney in growth. Although the maximum weight of plant was 
produced at 0.50 p.p.m., rather good growth was obtained at 0.25 p.p.m. 
There is no doubt that better growth would have been secured at the lower 
concentration if the experiment had been repeated and the procedure adopted 
in the second experiment with corn, used. The results obtained confirm those 
secured with corn and indicate that both crops require about the same con- 
centration of phosphate for maximum growth. 
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DISCUSSION 


The application of culture solution data to soil solution problems is nor 
easy and is usually subject to different interpretations by different investi- 
gators. Hoagland (4) has pointed out many of the difficulties to be considered 
in applying culture solution data to soil solution problems. In spite of these 
difficulties, the culture solution method is useful, and provides a good means of 
studying various problems relating to the soil solution and plant nutrition. 
The culture solution data that are presented in this paper seem to have a very 
direct application to some soil solution problems. 


Is the displaced solution adequate for plant growth? 


The preceding experiments indicate that corn and soybeans will make 
maximum growth in a culture solution containing only 0.25 p.p.m. POQy. As 
has already been stated, it is probable that maximum growth would be secured 
at even lower concentrations if the concentration of phosphate could be main- 
tained constant and if the plants made a slower rate of growth as they normally 
do under field conditions. If those conditions are assumed it seems probable 
that good growth would be secured at a concentration of 0.10 p.p.m. PO, 
and maximum growth at 0.15 or 0.20 p.p.m. inorganic PO,. These estimates 
appear to represent the very lowest concentrations that would possibly support 
good growth. None of the experimental results indicate that there is any 
probability that either corn or soybeans would make good growth in a culture 
solution containing much less than 0.1 p.p.m. PO,. If 0.1 and 0.2 p.p.m. 
inorganic phosphate are the minimum concentrations for good and for maxi- 
mum growth in culture solutions, what would probably be the minimum con- 
centrations in the soil solution? Hoagland and Martin (5) have shown that 
absorption is more rapid from solution cultures than from sand cultures. 
The solid phase certainly would retard the movement and diffusion of salts 
thus tending to make it more difficult to maintain a given concentration at the 
absorbing surface of the root system. These considerations would seem to 
indicate that the minimum concentration for growth in the soil would probably 
be greater than in culture solutions. The soil, however, apparently can 
renew a given phosphorus concentration very readily. That being true, 
diffusion of phosphates may not be so important as in the case of some elements 
that are in solution but are not continually coming into solution from the soil. 
It seeems possible that the phosphorus concentration at the absorbing surfaces 
may be maintained rather constant by phosphorus coming into solution 
rather than by the diffusion of phosphorus from another portion of the soil 
solution. Granting that the phosphate concentration of the soil solution is 
maintained, there is no apparent reason for assuming that the plants would 
grow at a lower concentration than in culture solutions. Consequently, the 
figures given as a minimum for good growth in a culture solution would also 
be a minimum for good growth in the soil solution and there is a possibility 
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that the minimum in the soil solution would be even higher than in the culture 
solution. The minimum concentration of phosphate essential for plant growth 
in the soil solution having been tentatively established, it is of interest to 
compare this result with the concentration of inorganic phosphorus in the soil 
solution obtained by displacement from producti've soils. 

In the accompanying article Pierre and the writer (14) have shown that the 
displaced solution from many productive soils may contain considerably less 
than 0.10 p.p.m. inorganic PO;. Some of the displaced solutions contain less 
than 0.025 p.p.m. of inorganic phosphate, for example: The unfertilized plot 
of the Aledo, Illinois, experimental field has an average corn yield of 58.9 
bushels. The displaced solution from this plot contained only 0.04 p.p.m. 
inorganic PO,. Plot 2 of the Cullar’s Rotation plots of the Alabama Experi- 
ment Station had an average corn yield of 43.2 bushels during the past four 
years. The plot has not received phosphate fertilization since 1911 but has 
been liberally fertilized with potassium and nitrogen. The displaced solution 
obtained from this plot contains only a slight trace of inorganic phosphorus. 
As has been shown, the organic phosphorus of soil extracts and soil solutions 
is not absorbed by plants. From these results it seems apparent that with 
some soils the phosphorus concentration of the displaced soil solution is not 
high enough to be adequate for plant growth. Presumably, therefore, insome 
soils there must be contact between the plant root and the solid phase before 
the plant can absorb the phosphorus necessary for growth. 

These considerations probably are not applicable to the absorption of any 
other of the essential elements, with the possible exception of iron. We have 
obtained some experimental results indicating that the solution displaced from 
limed soils does not contain iron in a concentration sufficient to prevent 
chlorosis in young plants. Plants grown in these soils have a normal color and 
show no evidence of a deficiency of iron. The results obtained with iron con- 
firm the results of the phosphate studies in that they indicate that contact 
between root and soil is necessary for the absorption of iron from soils. 


The absorption of phosphorus from the soil 


If plants do not grow in the soil solution obtained by displacement, we may 
explain growth and the absorption of phosphorus and iron by one or more of 
the following assumptions: 


1. The displaced solution is not the true soil solution and consequently the experimental 
method is erroneous. 

2. The plant roots exert a solvent action on the soil particles and thus bring more phos- 
phorus into solution, producing a higher phosphate concentration at the absorbing surfaces. 

3. As a result of a Donnan equilibrium, there is a higher concentration of phosphorus in 
the solution at the surface of the soil particles than in the displaced soil solution. The plant 
roots, being in very intimate contact with the soil particles, absorb most of their phosphorus 
from this more concentrated solution. 


Each of these assumptions wit! be considered in some detail. 
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As far as all experimental evidence has shown, there can be little doubt but 
that the displacement method gives a solution identical with or at least very 
similar to the true soil solution. The work of Parker (8), and subsequently 
that of Burd and Martin (1), clearly established the value of the method and 
proved that it apparently gives the true soil solution. Ina more recent paper 
Burd and Martin (3) have briefly summarized the experimental evidence 
tending to prove that the true soil solution is obtained by displacement. 
The experimental facts tending to prove that the method gives the true soil 
solution, do not necessarily prove that there is not a more concentrated layer 
of solution at the surface of the particle as a result of a Donnan equilibrium. 
If it should be proved that such a layer does exist at the surface of the solid 
phase the same data would prove that ‘he displacement method does not give 
the true soil solution in the strict meaning of that term. Until such evidence 
is advanced it seems correct to assume that the soil solution is obtained by dis- 
placement. That being the case, the absorption of phosphorus from some soils 
must be explained by one or both of the other possible assumptions that have 
been given. 

The theory of the solvent action of plant roots is very old and there is con- 
siderable experimental evidence bearing on the question. The etching action 
of plant roots on marble plates is easily demonstrated. Kossovitch (6) and 
Marias (7) have shown that plants do not utilize insoluble phosphates very 
readily unless there is contact between the roots and the phosphate particles. 
However, there apparently is very little evidence to show that the solvent 
action of the roots could be due to anything but the carbon dioxide that is 
given off as a result of plant respiration. The writer (9, 10) has reported some 
experiments which were planned to determine whether the carbon dioxide 
production of plant roots was a factor in the “feeding power” of plants for 
inorganic elements. None of the several experiments reported indicated that 
the carbon dioxide production of the roots was an important factor in the ab- 
sorption of inorganic elements by any crop. These experiments, however, 
may not be absolutely conclusive. As was pointed out in the first paper 
(9, p. 238) the root surfaces are in such intimate contact with the soil particles 
that the solvent action of the carbon dioxide might take place to some extent 
before it could be removed by rapid aspiration. It seems that it would be 
impossible experimentally to prevent the possibility of any solvent action of 
the roots. 

In order to obtain further evidence bearing on the carbon dioxide theory 
some tests were made to determine whether carbon dioxide had a very marked 
solvent action on soil phosphorus. In the first tests a stream of carbon dioxide 
was passed through a jar of moist soil for a period of 24 hours. The soil was 
then packed in the displacement cylinders. While being packed, the dis- 
placement cylinders were repeatedly filled with the gas, thus maintaining a very 
high concentration of carbon dioxide in the soil solution. The results of these 
tests are given in table 11 and show that the carbon dioxide treatment did not 
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materially influence the inorganic phosphorus content of the displaced solution. 
On the other hand, the carbon dioxide treatment practically doubled the 
calcium content of the solution from the sandy loam soil. This increased 
amount of calcium apparently caused the precipitation of some of the 
phosphorus. 

The solvent action of carbon dioxide was next studied by preparing water 
extracts with carbon-dioxide-free water and water saturated with carbon 
dioxide. The extracts were prepared by the collodion sack method (13). 
When the carbon-dioxide-saturated water was shaken with the soil some of the 


TABLE 11 


The phosphorus and calcium content of the disploced solution from untreated soil and soil treated 
with carbo. dioxide 


CONCENTRATION IN DISPLACED SOLUTION 


SOIL Inorganic PO, Organic PO. Calcium 
Untreated COz Untreated CO: Untreated CO: 
p.p.m. p.p.m. p.p.m. p.p.m. p.p.m. p.p.m. 
SANGU HORTA 53 oo) s canna 0.06 0.03 0.20 0.27 25.4 48.4 
MR oissseyeeccescseesene] CD 0.04 0.27 0.16 339.0 | 360.0 
TABLE 12 


The concentration of phosphorus, calcium and potassium in soil extracts prepared with distilled 
water and with water saturated with carbon dioxide 


| CONCENTRATION IN SOIL EXTRACT 


SOIL Inorganic PO; Organic PO, K Ca 

H:0 COz H:0 COz H:0 COz H:0 CO: 

p.p.m. p.p.m. p.p.m. | p.p.m. | p.p.m. | p.p.m. | p.p.m. | p.p.m. 
UMA, AOMNI 5:5 cs ss csc cos | 0.03 | 0.10 | 0.17 | 0.08 | 0.68 | 0.99} 1.9 | 10.6 
IRV AGAR. ones :ccesess aise cae SONOS 0:10) OE 10212 |-Os3t | 0:37 4.8 | 14.1 
USC A a a are Trace 0.02 | 0.05 | 0.10 | 0.34 | 0.44 | 14.2 | 31.0 
RGU MORNE 25s. iscqcncneaee as Trace 0.04 | 0.11 | 0.08 | 3.12 | 3.75 4.4 7.0 
SHt1OAM, «0... ..4.....0.0220..] Teace | Trace} 0:06 | 0.10 | 0:99 | 1.64 6.1 16.2 


gas was given off producing considerable pressure in the flasks. The treat- 
ment, therefore, may be considered rather drastic. The results obtained with 
five soils are given in table 12. 

The carbon dioxide treatment caused an appreciable increase in the inorganic 
phosphorus content of the extract from the soils. The concentration, even 
after treatment, was very low considering the fact that several of the soils 
are very productive. When the drastic treatment given is considered, the 
experiment does not indicate that the carbon dioxide given off by the plant 
roots would have much of a solvent action on soil phosphorus. The solvent 
effect of the carbon dioxide, as would be expected, was greater with calcium 
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than with either phosphorus or potassium. When these results and the 
experimental work previously mentioned are considered, it seems that little 
significance should be attached to the theory until new experimental evidence 
is advanced in its support. 

Comber (3) has emphasized the importance of root-soil contact for the ab- 
sorption of phosphorus and iron by the plant. Although emphasizing the 
importance of root-soil contact, he does not attribute very much importance 
to the production of carbon dioxide by the roots. He suggests two hypotheses: 
first, the absorption of colloids; and second, the solvent action of various 
organic substances of the plant sap. The second hypothesis seems, to the 
writer, more acceptable than the first. The contact of root hair and soil 
colloid is considered to be so close that one system is formed and that there is 
the possibility of the cell sap having a solvent action on soil colloids without the 
excretion of acid into the soil generally. The nature of the root-soil contact is 
generally recognized by plant physiologists, and the solubility effects mentioned 
by Comber may be studied in the laboratory. In addition to the solubility 
effects, the enzymes of the plant roots may decompose some of the organic 
matter of the soil. This may be of special importance with reference to phos- 
phorus absorption, since the preceding paper shows that most soils contain 
considerable organic phosphorus in solution. The root-soil colloid system 
would probably permit of greater enzymatic activity than would culture 
solutions. 

As a result of earlier work on the concentration of phosphorus in the soil 
solution the suggestion was advanced that a Donnan equilibrium produced a 
higher concentration of phosphorus at the surface of the solid phase than in 
the balance of the soil solution which is represented by the displaced solution. 
The data presented in this paper afford indirect evidence supporting that 
hypothesis in that they show that plants do not make good growth at as low a 
concentration of inorganic phosphorus as is found in the displaced solution of 
many productive soils. Apparently, the plants must absorb their phosphorus 
from a more concentrated solution, such as that assumed by the hypothesis. 

It is difficult to secure direct experimental proof as to whether there is a 
Donnan equilibrium in soils, although several experiments have been made 
in an effort to secure such proof. Some of the results seem satisfactory but 
they usually can be explained by assuming that the roots exert a solvent action 
on the soil particles. The work is being continued, but at present there is 
little conclusive evidence as to which of the two assumptions is more nearly 
correct. Possibly both are operating and there may be others of some im- 
portance that have not been considered. 


SUMMARY 


Four experiments are reported in which a study was made of the concentra- 
tion of phosphate necessary for the maximum growth of corn and soybeans. 
The experimental procedure was described in detail, special attention being 
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given to the method of renewing the phosphate concentration in an effort to 
maintain it as constant as possible. The rate of absorption of phosphate from 
solutions of different concentration was studied and the results are presented 
in table 7. The bearing of the experimental data on present theories of plant 
nutrition was discussed in some detail. The results of the investigation may 
be briefly summarized as follows. 


1. In order to provide favorable conditions for plant growth in culture solutions of low 
concentrations of phosphate, it is necessary to use a large volume of solution for each plant, 
to renew the phosphate concentration at very frequent intervals, and to grow the plants in an 
iron-free culture solution. Iron must be supplied occasionally for a period of one to two days 

2. The maximum growth of corn was secured in a solution containing 0.50 p.p.m. PO,. 
Growth at 0.25 p.p.m. was good, the dry weight being about 75 per cent of the maximum. 

3. If it is assumed that the concentration of phosphate could be constantly maintained and 
that the rate of growth was more nearly comparable to field conditions it seems probable that 
the maximum growth of corn would be secured at a phosphate concentration of 0.15 or 0.20 
p-p.m. PO, Fair to good growth might be secured at a concentration of 0.10 p.p.m. PO,. 

4, Maximum growth of soybeans was secured at a phosphorus concentration of 0.50 p.p.m. 
PO,. Apparently there is little or no difference between corn and soybeans as regards the 
phosphate concentration necessary for good growth. 

5. Since the displaced solutions of many productive soils contain only a trace of-inorganic 
phosphorus it seems necessary to assume that plants do not obtain all of their phosphorus 
from the solution represented by that obtained by the displacement method. Apparently 
the solid phase of the soil has an important function in the phosphorus nutrition of the 
plants 

6. The phosphorus nutrition of plants in soils with solutions of low phosphate concentration 
may be explained by the assumption that the plant roots have a solvent action on the solid 
phase. As a result of the assumed solvent action, the phosphate concentration at the ab- 
sorbing surface would be greater than in the solution obtained by displacement. Another 
possible explanation for the phosphorus nutrition of plants is that a Donnan equilibrium is 
found at the surface of the solid phase. As a result, the solution at this point would have a 
higher phosphate concentration than that of the free soil solution represented by the dis- 
placed solution. : 

7. Most of the available experimental data seem to indicate that the theory of the solvent 
action of carbon dioxide from plant roots does not adequately explain the absorption of phos- 
phorus from many soils. 

8. At present there is no definite proof that a Donnan equilibrium exists in soils, as has 
been suggested. Granting that it does exist there is no proof as to what is the concentration 
of the solution at the surface of the soil particles. 
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Price has reported that yields of alfalfa hay were much greater when the 
crop was seeded in the year following the limestone application than when 
seeded in the same year (2). Possibly it is a matter of rather frequent ob- 
servation that for some time after application limestone is not so effective as 
it is later. 

The delayed effect of limestone in bringing about increased growth of al- 
falfa was shown in a marked way in experiments reported in a previous 
paper (1). 

In addition to the pots containing only field acid soil and only field limed 
soil, results from which were given in the previous paper, pots were included 
containing the field acid soil limed just before potting. The lime treatment 
consisted of thoroughly mixing 5 gm. of limestone ground through a 40-mesh 
sieve, with the 2000 gm. of air-dry soil contained in a pot. 

In the case of the first experiment with the porous earthenware pots, where 
the Berea and Mayfield experiment field soils were used, the Berea acid soil 
limes just before potting gave practically no better growth of alfalfa during 
the entire eight weeks of the experiment than did the untreated acid soil. 
The Mayfield acid soil limed just before potting gave no better growth than 
did the untreated acid soil for the first four weeks of the experiment. Growth 
then began and was fairly satisfactory during the remaining four weeks of the 
experiment. 

The air-dry weights of tops and roots from the pots containing the field 
acid and field limed soils and the field acid soil limed just before potting are 
given in table 1. 

These pots were allowed to remain in air-dry condition from the date the 
alfalfa growth was removed (July 1) to December 12 of the same year. With- 
out further treatment they were again planted to alfalfa. This second growth 
of alfalfa was as good on the acid soils limed just before plotting (pots 9, 19) 
as on the field limed soils (pots 8, 18). 

In the second experiment with the porous earthenware pots, where the May- 
field, Berea, and Greenville experiment field soils were used, growth on the 
pots containing acid soil limed just before potting was, on the whole, but little 
better than on the untreated acid soils for the first 8 weeks of the experiment. 

This experiment included pots containing field limed soil that had received, 
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just before potting, the same liming treatment as the acid soil—5 gm. limestone 
ground through a 40-mesh sieve, to every 2000 gm. of soil in a pot. On the 
lime-treated pots increasing growth of alfalfa over that on the soil with only 
the field lime treatment was evident from about six weeks after germination 
of the plants, and while there was still no effect of the treatment applied to 
the acid soil as compared with the acid soil untreated. Evidently in these 
experiments the delayed effect of limestone in increasing plant growth is due 
to the slowness with which the beneficial changes in the soil come about and 
not to what might be a possibility, that some temporary objectionable con- 
dition results from liming which for a time offsets its beneficial effect. 
Knowledge of the delayed effect of liming is important in a practical way 
in indicating the desirability of liming some time, several weeks or preferably 
longer, before seeding an acid-sensitive legume crop. It is also important in 


TABLE 1 
Air-dry weights of the tops and roots from the field acid and field limed soils and from the field 
acid soil limed just before potling 


: | MAYFIELD SOIL— BEREA SOIL— 
ane | amon WEMGET oF AIR-DRY wEaunt oF 
| NATURE OF SOIL 
or Berea soil | Tops Roots Tops Roots 
| gm. gm. gm. gm. 
7 17 | Acid 0.403 0.139 0.053 0.017 
8 | 18 | Field limed soil | 2.260 0.796 2.094 0.790 
9 19 | Acid, but limestone added | 
| just before potting | 1.162 0.208 0.034 0.013 


pot work of short duration where liming treatments are included, since only 
a small part of the expected effect of liming is likely to be secured under such 
conditions. It was particularly in view of the bearing on pot experiments 
that it was thought of interest to call attention to the results given in this 
paper. 

SUMMARY 

A delayed effect of limestone in bringing about increased growth of alfalfa 
on acid soils in pot experiments was noted. The interval ranged from a few 
weeks to about two months, depending on the soil. 

Knowledge of this delayed effect is important in indicating the desirability 
of liming some time ahead of seeding legume crops. It also has an obvious 
bearing on pot experiments of short duration where liming treatments are 
given. 
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That treatment of soil by heat or by volatile antiseptics causes an increase in the yield of 
the following crop has been known for nearly half a century. Hiltner and Stérmer (14) in 
1903, and later Russell and Hutchinson (33, 34) and others showed that such treatment also 
causes a temporary decrease in numbers of bacteria as determined by the plate method, 
usually followed by an increase to numbers much in excess of those initially present in the soil. 
Coincident with this increase of bacteria, there is a large accumulation of ammoniacal nitro- 
gen. This is partially explained by the fact that the nitrifying bacteria are killed and theam- 
monia thus accumulates instead of being oxidized to nitrates as in normal soils. Neverthe- 
less, the ammoniacal nitrogen thus accumulating is very much in excess of the nitrates 
ordinarily found. When soil thus “partially sterilized,’ in the terminology of Russell and 
Hutchinson, is reinoculated with a suspension of fresh soil, the ammonia is rapidly oxidized to 
nitrates and the bacterial numbers eventually fall below those in partially sterilized soils not 
reinoculated. 

The explanation for these and many other phenomena of partial sterilization is very ob- 
scure. Many theories (42) have been advanced, the most noted of which is the protozoan 
theory of Russell and Hutchinson (33, 34). According to this theory, there is a factor in soils 
which limits the bacterial action. This limiting factor is the protozoa, which are known to 
feed on bacteria, and the active cells of which are killed by partial sterilization. Hence, when 
the soil is partially sterilized, the few surviving bacteria are able to multiply and thus reach 
higher numbers than they would if the protozoa were present and active. This explains why 
inoculation of a partially sterilized soil with a soil suspension containing, of course, protozoa 
causes the diminution of the numbers of bacteria. 

This theory has been attacked from various angles. It was maintained, particularly in the 
United States, that protozoa were normally present in the soil largely, if not exclusively, as 
cysts, and thus were in an inactive state (2, 15, 36, 28, 16). Martin and Lewin (25, 26) and 
Goodey (10), however, recognized a trophic fauna in English soils, as did also Waksman in 
American soils (39, 40). The recent work of Cutler and associates (3, 5, 7, 8), Perey (30), 
Allison (1), and Sandon (35), has demonstrated conclusively that at least amoebae and flagel- 
lates are normally found in a trophic condition in soils from England, France, and the United 
States. Recently Koffman (17) has examined a large number of Swedish soils by a direct 
method and has found a trophic fauna of amoebae, and more particularly of small flagellates. 
He has never found trophic ciliates. 
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Likewise, the contention that protozoa limit the numbers of bacteria in soil has not received 
unanimous assent. Russelland Hutchinson (34) were not always able to reduce the number: of 
bacteria by additions of mass cultures of protozoa, nor could Greig-Smith (11), Goodey (10), 
or Sherman (36) usually get a reduction in numbers of bacteria by reinoculation with pro- 
tozoa cultures. Cunningham (2) and Waksman (39, 40), found that protozoa seemed to limit 
bacterial numbers. It must be confessed that none of these results is very convincing. As 
pointed out by Sherman, in freeing crude bacterial cultures from protozoa, the resulting cul- 
tures would differ from the crude ones. Many of the bacterial species would undoubt- 
edly be lost and, in addition, because of selective feeding on the part of the protozoa, the 
ratios of one species to another might differ. Then too, in nearly all this work, there has 
been no assurance that the protozoa actually excysted and multiplied. Controlled inocu- 
lation work by Cutler (4) wherein the course of the activity of the protozoa was carefully 
followed by adequate technique, has demonstrated that the numbers of bacteria in steri- 
lized and reinoculated soils are kept down by certain protozoa. Unpublished work of Cutler 
and Dixon (6) confirms the earlier work of Cutler. In daily examinations of soil through a 
period of one year, whereby both the bacteria and the protozoa were counted, it was also 
found by Cutler, Crump, and Sandon (7) in 86 per cent of the observations that an inverse 
relationship existed in a Rothamsted soil between bacteria, as determined by the plate 
count, and certain active amoebae. 

That protozoa exist in the soil in a trophic state, and that they limit to some extent the 
numbers of bacteria is now fairly well established. Whether they limit or influence in any 
way the various microbiological activities, however, is another matter. Very little work has 
been done on thissubject. Hills (13) studied the accumulation of available nitrogen (ammonia- 
cal and nitrate) from sterilized soils which were reinoculated with soil known to contain pro- 
tozoa on one hand and with a crude culture of bacteria obtained by picking several colonies 
from agar plates poured from soil dilutions on the other. He obtained no evidence of de- 
creased accumulation of available nitrogen caused by protozoa. Cutler (32) criticized the 
technique, and the criticism is equally valid against the work of Cunningham (2) who ob- 
tained results which would tend to substantiate the protozoan theory. Lipman, Blair, Owen, 
and McLean (24) studied the accumulation of ammonia in soils to which organic nitrogenous 
matter such as dried blood or soybean meal had been added. They partially sterilized these 
soils, to some of which they afterwards added an inoculum of untreated soil, and to the 
others an inoculum of a soil freed from protozoa by partially sterilizing it. They obtained no 
results which showed a depressing action by protozoa. There is no certainty here, however, 
that the protozoa excysted and multiplied. Waksman (39, 40) found that protozoa caused 
no diminution of NH; formation, but unfortunately he did not include in his studies the 
amoebae, which are now thought to be of very much more importance than the other soil 
protozoa. Nasir (29) has shown that in culture media certain protozoa caused an increase 
in nitrogen fixation by Azotobacter. It would appear that the question whether protozoa 
markedly influence biochemical transformations in the soil is still an open one. 

In all this work, it must be noted, from the classical work of Russell and Hutchinson on- 
ward, only bacteria and protozoa were considered. The fungi, algae, and actinomycetes 
were almost entirely ignored. This is unfortunate, for it is now known that the fungi, at 
least, are very important. Thus, when soil is partially sterilized, the fungi are either entirely 
killed or their action is arrested fora time. If the soil is reinoculated on the one hand with a 
soil suspension and on the other with crude cultures of bacteria or a suspension of partially 
sterilized soil, a very important factor has been introduced in the one case but not in the other. 
The other members of the soil population, of whose action we know so little, are also intro- 
duced with an untreated soil suspension. 

Recently, a detailed and important contribution by Waksman and Starkey (42) which con- 
cerns itself largely with this phase of the subject has appeared. Unfortunately these workers 
did not avail themselves of the Rothamsted improvements in soil protozoological technique 


and the small amount of work done by them on protozoa is of limited value. 
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All of the experimental work with soil protozoa until recently has dealt with crude cultures. 
These contained one or more protozoan species growing in cultures of bacteria of unknown 
numbers and species, and might or might not contain fungus spores. Accurate reinoculation 
work is needed whereby one species of protozoa with a definite number of one species of bac- 
teria is added to a sterlized or partially sterilized soil, and this contrasted with a soil similarly 
treated and reinoculated with the same number of that particular bacterial species free from 
protozoa. This work has not heretofore been done in soil, except in relation to numbers of 
bacteria by Cutler (4). It was to study the effect of protozoa on soil activities by such tech- 
nique that the present work was undertaken.? 


EXPERIMENTAL 


Moist soil from Barnfield plot 4, A, which has been fertilized for 69 years 
with complete minerals and ammonium sulphate, and which is still basic, was 
used in the first experiment. It was passed through a 3-mm. sieve and 200 
gm. placed in each of twelve 300 cc. Erlenmeyer flasks. Ten of these flasks 
were placed in cold water and slowly brought to 80°C., and were kept at 80 
to 85° for 1 hour. This was sufficient to eliminate all the protozoa and fungi. 
After being cooled for 24 hours they were reinoculated in various ways as 
shown in table 1. 


TABLE 1 


Treatinent of the soil used in experiments 


FLASK NUMBER | TREATMENT 
2 | Untreated soil, 2 cc. sterile soil infusion added 
3; 4 Partially sterilized soil, 2 cc. sterile soil infusion added 
5; 6 | Partially sterilized soil, 2 cc. protozoa culture added 
4,38 Partially sterilized soil, 2 cc. bacterial culture added 
9,10 | Partially sterilized soil, 2 cc. fungus culture added 
11,22 | Partially sterilized soil, 2 cc. fresh soil infusion added 


The protozoa culture consisted of 12,490 cysts of Hartmanella hyalina— 
one of the commonest of soil amoebae—growing in a culture with 9,000,0C0 
bacterial vegetative cells of a small spore-forming rod. Both bacterial and 
protozoan numbers were determined by the haemocytometer method. The 
bacterial inoculum consisted of 9,000,000 vegetative cells of the same bacterial 
species free from protozoa, in the same medium, which was a sterile soil 
infusion. The fungus inoculum was a suspension in sterile soil infusion of 
spores of Trichoderma koningi and a green Penicellium of the glaucum type. 

The soil infusion was from the original Barnfield plot. The moisture was 
approximately three-fourths saturation, full saturation being 37.2 per cent on 


3 The writer wishes to thank the authorities of the International Education Board and of 
the New Jersey Agricultural Experiment Station, who made it possible to carry out these 
studies at Rothamsted. The work was done under the direction of D. Ward Cutler, M.A., 
of the Department of General Microbiology, to whom the writer desires to express sincere 
appreciation for ever-ready help and advice. Also very grateful thanks are extended to Sir 
John Russell for his hospitality in allowing the writer to use the laboratories at Rothamsted. 
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the dry soil basis. A respiration apparatus similar to that used by Waksman 
and Starkey (43) was used to determine the CO, given off. The standard 
oxalic acid and barium hydroxide was made so that 1 cc. equalled approxi- 
mately 0.5 mgm. of carbon as CO:. The first day’s accumulation of CO, 
was not measured. 

At the end of 14 days the experiment was discontinued because of an acci- 
dent, and the bacteria and protozoa were counted. The bacteria were esti- 


TABLE 2 
The effect of different reinoculation treatments on the COz evolution from partially sterilized soil 
Milligrams C as CO2 


| i = | | 
s - ;. |REINOCULATED REINOCULATED | ‘s | N 

voy | cee |e PSE | pearra rar 
| | | 

1 2{3{e|s{6]7 ]s {9 {oa 12 

SSS ag ats |e Re ee eee nie —— 

2 1.4 1.3 | 1.2) 2.1) 1.8] 1.6] 1.7] 1.6] 1.9] 1.5 | 1.3] 1.2 

3 1.9} 1.9} 2.2) 1.8] 2.3 | 1.9/1.6] 1.8/2.2 | 2.2/2.2) 1.0 

3 2.3/2.1)2.8/28/28/26/41)3.9/3.4/ 4.1/4.0] 4.2 

3 2.3 | 2.2 | 2.8 | 2.6 | 3.4 | 3.1 | 3.8 | 3.6) 3.3} 4.0) 3.4) 4.3 

3 3.4/3.4) 4.5 | 3.8) 3.6) 3.7/3.8/4.4/4.714.9| 4.3 | 3.9 

Total 14 11.3 10.9 13.5 13.1 13.9 |13.1 |15.0 [15.3 |15.5 |16.7 15.2 |14.6 


TABLE 3 
The effect of re-inoculation of partially sterilized suil with bacteria and with protozoa 
Incubation 14 days 


NUMBER TREATMENT BACTERIA PER GRAM* 

| millions 

1 Control. No treatment | 32.6] 30.2 

2 Control. No treatment | fa 

5 Reinoculated with Hartmanella | 145.5) 157.5 

6 Reinoculated with Hartmanella 169. 6f ‘ 

7 Reinoculated with bacteria 208.4) 44 2 

8 Reinoculated with bacteria 200.0) 


* Moist soil basis. 


mated by the common plate method, five plates of Thornton’s (38) medium 
being used for each dilution, and the incubation time being 10 days at about 
20°. The protozoa were determined by the method in use at this laboratory 
(7). The results are given in tables 2 and 3. 


The CO, results are inconclusive but they seem to indicate that the CO, 
may possibly be depressed by the protozoa; however, it is of great interest 
to note that the addition of fungi to partially sterilized soil resulted in a greater 
increase in the evolution of CO, than even the inoculation with the bacteria. 
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The results of bacterial counts presented in table 3 confirm the results of Cutler 
(4) that some protozoa, such as Hartmanella, are capable of reducing to a 
certain extent the numbers of bacteria in the soil. Trophic amoebae were 
found in the soils of flasks 1, 2, 5, 6, 11, and 12. 

The experiment was repeated a second time and run for 69 days. This 
time 4,600 Hartmanella cysts were inoculated with 50,000 bacterial cells of a 
small non spore-forming yellow rod. This was found to be a very good bac- 
terium on which to grow Hartmanella. The soil was from the heavily manured 
Barnfield plot 1,0. At the end of the experiment the ammoniacal and nitrate 
nitrogen was determined. The NHsz nitrogen was determined by the Harper 
(12) method. After distillation with MgO, 10 cc. of 2V NaOH and 200 cc. 
of H,O were added and 200 cc. was boiled off. More water and 2 gm. of 
Devarda’s alloy were then added and the nitrates distilled off as NH3. Am- 


TABLE 4 
The effect of different re-inoculation treatments on the CO, evolution from partially sterilized svils 
Milligrams C as CO, 

| 

;. |REINOCULATED |REINOCULATED > | 
_ cance | amore: | | mm ements emarocmacs 
1 2 3 4 5 6 7 8 9 10 11 12 
6 4.0 | 3.8 {10.9 |10.1 | 8.2 | 8.9 | 8.7 /10.1 | 9.1 | 9.3 | 8.8 | 9.4 
7 6.7 | GeS)| 760 | 0A 2 F280 | S3F | 9200) Gr. ||) 916): 99 
6 3-0 1 2.8 | 4:0 | 4.2 | 4.2 | 3.6: |-4:1 | 5.2} $20) 4.6 | 4.8 |) 3.2 
7 2.0) 1222: 45S) | 450) S50 1-9] 3241 3.1 | S28] 4.8 | 3.2 | 3.6 
6 226) 1.2.2" | Sat | S208] 340) 1201328 [452 1 S60) S251 10357 
7 4S 1 ANG 1.325 | 3S 1-556 1 59 | 424 SS | 5.8) 6.0) 2S S59 
9 2:9) | 3:6:| §.0'| 4.3 | 3.3:| 2.2 | 3-4 | 3:2 | 6:0 | 330] 0:9 | 4:4 
9 4.6| 4.4) 4.8/4.3 | 3.9/3.2 |4.0]4.0] 5.0] 4.6] 2.8 | 4.2 
12 5.6] 6.2 | 5.6] 5.4 | 4.6] 4.2 | 4.8 | 4.8] 6.0 | 7.5 | 4.2 | 6.6 
Total 69 32.9 |33.3 |49.4 |46.5 |43.6 137.7 |44.6 |48.6 [55.3 |54.7 |36.6 [48.2 


monia-free water was used throughout. Special tin-lined stills and for titra- 
tion only 0.02 WV standard acid and alkali were used. Methyl red was the 
indicator employed and the excess of CO, was boiled off when the solution 
was still slightly acid. Very small differences in nitrogen could thus be 
measured accurately. The results are given in tables 4 and 5. The fungi 
were counted by the method suggested by Waksman and Fred (41). Trophic 
amoebae were found only in flasks 2, 5, 6, 11, and 12, although cysts of 
Naegleria gruberi were found in flask 1. 

A third experiment like the above except that only the available nitrogen 
was determined, was run for a period of 115 days. The flasks were not aerated 
but had cotton stoppers. Protozoa were found in the soil of flasks 5 and 6 
but the numbers were not determined. The results are shown in table 6. 

A study of tables 2, 4, 5, and 6 shows that whereas the protozoa seem to 
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have depressed both the CO, evolution and the available nitrogen accumula- 
tion, the fungi stimulated the CO: evolution and depressed the nitrogen ac- 
cumulation to a greater extent. The effects of the fungi were beyond the 
limits of experimental error. The protozoa, however, have had an effect that 


TABLE 5 
The effect of partial sterilisation of soil and subsequent reinoculation with various agents on the 
available nitrogen, and microbiological flora 


Incubation 69 days 


os | BAC- | — 
soe TREATMENT NH N NO, N | TOTALAVatL- | TERIA | Top! 
BER sige craxt | GRAM} 
p.p.m. p.p.m. | p.p.m. millions | = 
1 | Untreated soil 9.1 19.1 | 28.2 \",) 46.2 | 380 
2 Untreated soil 12-3 7 | 33.2 } “| 47.0 316 
| 
3 Partially sterilized soil 71.6 | 14.1 | 85.7 \¢ «| 56.0} 0 
4 | Partially sterilized soil 68.2 19.4 | 87.6 f | 57.0 | 0 
sf | | 
5 Partially sterilized soil, rein- | 64.7 | ae i 73.4 1122.4]; 0 
oculated with protozoa B94 Bay | | | 
' -~ | 
6 | Partially sterilized soil, rein- | 61.4). | 8.3\,. | | 
oculated with protozoa 60.6 f° | 9.1 f>°" | 69.7 J 163.4 | 0 
7 | Partially sterilized soil, rein- | 65.5 |. 11.6 | ) 1171.2 | 0 
oculated with bacteria 65.5 a 5} 10.8 ft!-2| saa - A | 
: ‘i. | 
8 | Partially sterilized soil, rein- | 65.5 |_. ,| 12.4 freee | | 
oculated with bacteria art naps 214.2 | 0 
| ‘ | 
9 — Partially sterilized soil, rein- | 42.3 12.4 54.7 | | 92.0%) § 
oculated with fungi +56. 7| 
10 Partially sterilized soil, rein- | 43.1 15.7 | 58.8) | 52.0% § 
oculated with fungi | | 
| | 
11 Partially sterilized soil, rein- | 5.8 73.0 | 78.8 ) | 62.8 | 2400 
culated with soil infusion io 
12 ‘Partially sterilized soil, rein- | 24.2 52:3 76.5 } | ies | 1540 


oculated with soil infusion 


* Fungi interfered with accurate counting of bacteria. 
t Dry soil basis. 

t Moist soil basis. 

§ Too many to count. 


is not so marked, and may even be doubted from the data so far presented. 
It will be seen that the variations between duplicate flasks are not large, ex- 
cept in the case of the untreated soil and the soil inoculated with a soil sus- 
pension. This is to be expected since there is a heterogeneous flora and fauna, 
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making variations in growth inevitable, whereas where pure cultures are 
added, more uniform results are to be expected. 

To make certain that the differences between the flasks with and without 
Hartmanella were not due to chance another experiment was set up—6 flasks 
like numbers 5 and 6 of the above experiment with protozoa, and 6 like numbers 
7 and 8 without protozoa. This time 12,490 cysts and 59,009 bacterial cells 


TABLE 6 


The effect of reinoculation of partially sterilized soil with various agents, upon the accumulation 
of available nitrogen 


Incubation 115 days 


=5. TarAruent ie te,» | Saagmmaanen 
f.p.m. | p.p.m. | p.p.m. 
1 | Untreated soil 10.0 31.5 | 41.5 | poe 
2 Untreated soil | A hai 
3 Partially sterilized soil 122 6.6 | 78.8 \ng 8 
4 Partially sterilized soil 70.5 8.3 | 78.8 f ; 
| 
5 Partially sterilized soil, proto- | 58.9\ 2Y*: ee | age | ) 
zoan culture added ee cai na a 471.7 
6 Partially sterilized soil, proto- | 58.1 13-3 | 71.4 ] 
zoan culture added | 
7 | Partially sterilized soil, bacterial | 68.9 12.4 | 81.3 ) 
culture added | 81.7 
8 | Partially sterilized soil, bacterial | 68.0 | 67.6 | 141 a as | ‘ee 
culture added a2f"" |ual™" | ana) 
9 Partially sterilized soil, fungus | 58.1 11.6 | 69.7 ) 
culture added | 768.4 
10 Partially sterilized soil, fungus | 57.2 10.0 | 67.2 } 
culture added | 
11 | Partially sterilized soil, soil in- | 5.8 78.0 83.8 | 
fusion added | $85.4 
12 Partially sterilized soil, soil in- | 7.5 | 79.6 87.1 } 
fusion added : | | 


were added. The results are given in table 7.4 The available nitrogen was 
determined as before, after longer incubation, and the results are given in 
table 8. 

From these results, taken together with the two similar experiments, one 
can scarcely doubt that the protozoa have had a depressing effect on the CO» 
evolution from the soil as well as on the bacterial numbers. It must be pointed 


* The data of the CO evolution experiments were checked by R. A. Fisher, Sc.D., of the 
Statistical Department of Rothamsted and were found to be clearly significant in regard to the 
greater evolution of CO: by bacteria than by protozoa and bacteria. 
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TABLE 7 
The effect of reinoculation of protozoa and bacteria into partially sterilized soil 


evolution from 200 gm. moist soil 
Milligrams C as CO, 


on the COz 


DAYS 


DANDAAAAAA 


Total 54 


PROTOZOA | BACTERIA 

a i oe ojuf] 2} 4] 6] s |] 2 
9.71 9.6/9.6) 9.6) 9.4/9.6 10.1 | 9.8/9.7 9.9/9.2 | 9.6 
5.8 | 6.8 8.6 | 8.0| 7.3 | 7.2 | 9.0| 7.3 | 9.0 | 8.8| 7.0} 7.4 
6.3 | 6.8 | 6.6/6.7 | 6.6) 6.5 | 7.8 | 7.4 | 7.0 | 8.4 | 7.3 | 7.8 
3.2 | 2.5 | 3.2 | 2.5 | 2.8| 2.8 | 4.0 | 2.7 | 3.9 | 3.6 | 3.5 | 3.4 
2.4/2.2 | 2.7] 2.3| 2.0} 1.9 | 3.4 | 3.2 | 2.3 | 2.7] 2.3 | 2.8 
2.0 | 2.3 | 2.3) 2.1] 2.0| 2.0] 2.7] 2.7] 2.1 | 2.0| 2.3 | 2.2 
2.9/2.1} 2.3/2.3 |}2.4}2.1|2.7| 2.3] 21] ? | 2.3] 2.0 
3.2 | 2.7} 2.8] 2.9] 3.2] 3.5] 2.7] 3.1/2.1 | 3.5 | 3.4 | 3.2 
2.8/1.8} 2.4) 3.8 | 3.6/2.7] 3.1] 3.2/3.7 | 2.8] 3.9 | 2.5 
38.3 36.8 40.5 40.2 39.3 38.3 45.5 41.7 41.9 43.94.41.3 |40.9 


* Flask number. 


+ Average of other 5 flasks taken for missing 6-day value. 


TABLE 8 


Effect of protozoa when reinoculated into partially sterilized soil, on the accumulation of 
available nitrogen (nitrate and ammoniacal) 


FLASK NUMBER 


REINOCULATING AGENT 


INCUBATION PERIOD 


AVAILABLE NITROGEN 


| 
| 


days p.p.m 
1 Protozoa 75 na) 
102.4; 
| 103.2/ | ave. 
| > 103.4 
3 Protozoa 75 | 104.0] 
104.8) oe 
2 Bacteria 75 113.6 ) 
| 113.6 4 
r 113.0 
4 Bacteria 75 112.0 
112.8 112.4) 
5 Protozoa 90 115.2} 
7 Protozoa 90 124.0 
9 Protozoa 90 108.0 116.2 
11 Protozoa 90 105.6) 
6 Bacteria 90 124.0) 
& Bacteria 90 131.2\ 
10 Bacteria 90 115.2 122.8 
12 Bacteria 90 120.8) 
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out, however, that the effect has been a small one. Likewise the conclusion 
is inevitable that under the condition of the experiments the amount of avail- 
able nitrogen accumulating has been reduced by the action of Hartmanella 
hyalina. Here again the amounts are very small but, it is believed, beyond 
experimental error. 

On the other hand, it is shown that the two fungi tested also have had an ef- 
fect, fully as large as that of the protozoa. The CO, evolution has been stimu- 
lated and theamount of accumulating nitrogen decreased. Thisis in accordance 
with our knowledge of the physiology of the fungi, which decompose consider- 
able organic matter including cellulose, as indicated by the evolution of CO:; 
this is always accompanied by a considerable synthesis of cell substance and 
therefore by a considerable assimilation of nitrogen by the organisms (19). 
As a result, fungi liberate less available nitrogen (as ammonia) for a definite 
amount of organic matter decomposed. 

It is interesting to note that some unpublished work by Cutler and Crump 
(6) on sterilized soil confirms these results with regard to CO. depression by 
Hartmanella hyalina. These workers added glucose to their soils, which were 
then inoculated with a single species of bacteria and with the same bacteria 
associated with the amoebae. 


DISCUSSION 


It is well established that partial soil sterilization by heat or volatile antisep- 
tics results in the following phenomena: 


1. Increase in evolution of CO,. 

2. Increase in accumulation of available nitrogen (as ammonia). 

3. Decrease in numbers of bacteria followed by increase to numbers greater than original. 

4. Decrease in numbers of protozoa, sometimes in their entire suppression, especially the 
ciliates and amoebae. 

5. Killing of nitrifying bacteria. 

6. Killing of worms and other invertebrates, some of which acted as pests. 

7. Decrease in numbers of fungi as determined by plate counts, and sometimes in their 
entire suppression, some of these having acted as parasites. 

8. Increase in plant growth of following crop. 


Russell and Hutchinson’s ingenious protozoan theory whereby the partial 
sterilization phenomena were explained by the phagocytic action of the soil 
protozoa, which 1s prevented by partial sterilization, is to some extent sup- 
ported by the experiments recorded in this paper. The CO: evolution and 
NH; accumulation as well as the bacterial numbers were checked slightly by 
Hartmanella hyalina, acommon soilamoeba. One can safely say, it is believed, 
that protozoa, at least under the conditions obtaining at Rothamsted, con- 
stitute one of the factors which are to be taken into account in studying partial 
sterilization. This is in accordance with the opinion previously expressed by 
Cutler (32). 

It must be confessed, however, that the writer cannot admit that the sup- 
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pression of the protozoa is the sole or even the most important factor respon- 
sible for partial sterilization phenomena. Waksman and Starkey (42) and 
Lebedjanzev (20, 21, 22, 23) have shown that air drying of soils gives a similar 
rise in bacterial numbers, CO2 evolution, and accumulation of available ni- 
trogen, and increased plant growth, without destruction of protozoa. Then 
too, the workers on partial sterilization have nearly all ignored the other 
members of the soil population, the fungi, algae, actinomycetes, and the in- 
vertebrate fauna. The results obtained by the writer show an action on the 
part of fungi which is as large as or larger than that of the protozoa studied. 
The theory of Stérmer (37) supported by the data of Waksman and Starkey 
(42) and others must be considered. According to this theory the increased 
development of bacteria, evolution of CO, and accumulation of available 
nitrogen in partially sterilized soils are due to the killing of most of the fauna 
and flora, which are subsequently attacked and decomposed, thus releasing 
the protoplasmic nitrogen and carbon as NH; and CO:. The bacteria which 
decompose these organisms use only a small portion of this organic matter 
for resynthesis into bacterial cells. The data presented above are in accord- 
ance with this theory which, however, should perhaps be qualified to make 
place for the action of the protozoa on soil processes. Thus the protozoan 
theory of Russell and Hutchinson may not be in opposition to the earlier theory 
of Stérmer but a modification of it. 

It must also be noted that only one of the two or three common soil amoebae, 
and of the five or six species of protozoa numerous in soils, was considered. 
The depressive effect might well be intensified by the action of these other 
species although one would not expect much from the small flagellates, es- 
pecially as some are not known to feed on bacteria. The depressive action of 
Hartmanella hyalina on so-called “‘ammonification” and “soil respiration,” 
can no doubt be accounted for by the locking up in their bodies, as microbial 
protoplasm, of some of the carbon and nitrogen that otherwise would have 
become available as CO. and NH;. This seems more probable when we con- 
sider that the difference between the evolution of CO, from flasks of soils 
reinoculated with and without protozoa is only noticed in the first weeks of 
the experiments. Also it should be noted that the soil is a heavy clay and 
rather moist. Koffman (17) and Cutler and Dixon (8), however, found active 
protozoa in most types and conditions of soil, even when fairly dry. 

In regard to the results from the fungi it is of great interest to note that the 
depression of NH; accumulation was greater in flasks inoculated with fungi than 
in flasks inoculated with protozoa, and the stimulation of CO, evolution by fungi 
was greater than the depression caused by protozoa. In both cases, in other 
words, the action of the fungi was greater than that of the protozoa. It would 
seem that Waksman and Starkey (42) are correct in attributing as great or 
greater importance to the fungi than to the protozoa in partial sterilization 
phenomena. Inasmuch as only two species of the large soil fungus population 
was studied, one cannot draw any definite conclusions. As in the case of the 
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protozoa, one would expect a larger action from the whole population than 
from the two species studied, although this does not necessarily follow. 

For full discussion of the extensive literature on partial sterilization and 
soil protozoa, the reader is referred to the critical works of Cutler (32), Kopel- 
off, Lint, and Coleman (18), Russell (31), and Waksman and Starkey (42). 

Since these reviews have appeared, still another theory has been proposed, 
which might be mentioned at this point. Matthews (27), would explain the 
increase in numbers of bacteria in soils partially sterilized by antiseptics as 
being due to the increase in available food from the antiseptics themselves. 
Unfortunately this theory is contrary to the known principles of microbio- 
logical physiology. It is well established that when available non-nitrogenous 
materials are added to a soil or artificial medium, the extensive microbial 
population that develops must obtain its necessary nitrogen from other com- 
pounds of the soil or culture medium. This may lead, therefore, to a decrease 
in available nitrogen. In no case does nitrate or ammoniacal nitrogen ac- 
cumulate to the extent that it does in partially sterilized soil. If, on the other 
hand, the non-nitrogenous “food” acts as a source of energy for nitrogen 
fixation, it does so only after the supply of available nitrogen in the soil has 
been used up; ammonia or nitrates do not accumulate, but, on the contrary, 
decrease. After all the added non-nitrogenous material has been decomposed, 
nitrogen may again accumulate, but for long periods of time the amount of 
this nitrogen is less than in soil to which no such compounds have been added. 
Partial sterilization results are so contrary to these facts that Matthews’ 
theory cannot be accepted at present. Her observations that the antiseptics 
may be used by bacteria as a source of energy are of great interest. However, 
any increase in numbers of bacteria due to utilization of non-nitrogenous 
antiseptics must be accompanied by a transformation of available nitrogen 
in the soil into microbial cell substance. Even agreeing with Matthews that 
“the increased fertility observed by Russell and Hutchinson is to be attributed 
in large measure to the activity of the greater population in breaking down 
the organic matter of the soil,” but considering the work of Stérmer (37) and 
Waksman and Starkey (42), one may suggest that, whereas the antiseptics 
might have caused an increase in numbers of bacteria, the increased fertility 
and the greater part of the increase in numbers of bacteria are due, not to a 
stimulation of bacteria into greater activity, but to the killing of the large 
soil population of living cells, thus making them available for decomposition. 
Any increase in numbers of bacteria due to utilization of the non-nitrogenous 
antiseptics would tend to neutralize the increased fertility due to decomposi- 
tion of the killed soil population, for the nitrogen from the latter would be 
reabsorbed into microbial cells necessary to decompose the antiseptic. The 
fact that treatment by heating soils or by air drying them gives results similar 
to those obtained by treatment with antiseptics also speaks against her theory, 
as an explanation for partial sterilization phenomena. Also it must be re- 
membered that the physical effects of such drastic treatment and the biological 
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effect of destroying various parasites are in many cases of prime importance 
(18, 42). 


SUMMARY 


1. Soil was partially sterilized by heating and reinoculated with various 
agents. 

2. Hartmanella hyalina caused a reduction in the number of bacteria and a 
slight depression in CO, evolution and NHs accumulation. 

3. Trichoderma kéningi and Penicillium sp. caused an increase in CO, evo- 
lution and a decrease in NH2 accumulation. 

4. Partial sterilization phenomena are discussed in relation to these findings. 
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INTRODUCTION 


The toxicity of aluminum to plants and its activity in acid soils have been 
clearly demonstrated (1, 3, 6). 

The comparative resistance of plants to aluminum poisoning has been pre- 
dicted from field observations (2) but few tests have been made with definite 
magnitudes of aluminum in solutions. Solutions of inorganic compounds of 
aluminum, such as nitrate, sulfate, and chloride readily form precipitates of 
Al:(POx)2, if phosphate is present in the solution, or of hydroxide, if the solu- 
tion is not strongly acid. In the absence of phosphates, considerable aluminum 
can be maintained in solutions at a hydrogen-ion concentration of between 
pH 4.0 and 4.5. Taking advantage of this fact, Stoklasa (9) grew wheat 
plants in cultures supplied alternately with phosphate and with aluminum and 
manganese salts. In the present study, a similar technique was used in testing 
the relative tolerance of different crop plants for different magnitudes of 
aluminum in solution. The plants were grown during half of each week in a 
complete nutrient solution; then during the remaining half of the week, they 
were put into solutions lacking only the phosphate salts. To this latter 
phosphorus-free solution was added the desired amounts of aluminum in an 
Ale(SO,)3 solution. In this way it was found possible to grow a variety of 
plants in culture solutions ranging in hydrogen-ion concentration from pH 
4.0 to 5.0, and containing considerable amounts of aluminum in solution. 
Further, the plants were supplied with phosphorus separately from the alumi- 
num and there could be little question of the aluminum rendering the phos- 
phorus unavailable in the solution outside the plants. 

The results of this study appear to show that aluminum in appreciable 
amounts in solution is toxic to most plants, causing at first a dwarfing and 
distortion of the roots, and later injury to the entire plant. The injury to the 
roots is most marked in crops that are most susceptible to aluminum toxicity. 
A study of one crop (corn) further showed that the greatest accumulation of 
aluminum is in the roots. The aluminum was found further to be localized 
in the cortex of the roots immersed in the solution. In the living cells it is 
accumulated in the protoplasm, rather than in the cell walls or in the vacuoles, 
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and is especially abundant in the nucleus, as shown by haematoxylin tests 
(4). Acursory examination of a few roots of cabbage, peppers, redtop, lettuce, 
and timothy showed similar localization of aluminum. 


EXPERIMENTAL DATA 


The first cultures grown with this procedure were of rye of the Rosen variety. 
The method of handling the plants was the same as that subsequently employed 
in all of these experiments and was as follows: All plants were grown on the 
bench of a well-lighted greenhouse. Seed was sown on a net suspended over a 
graniteware dish of tap water and allowed to remain until the plants were 
5cm. high. They were then mounted on perforated paraffined corks, 6 plants 
to each cork, and placed in 250-cc. bottles of nutrient solution. Precautions 
were taken to darken the bottles to prevent algal growth in the solution. 

The rye plants were set in 250-cc. jars on March 6, 1924, and supplied with 
a basal solution of the following composition: MgH,(PO,).—0.00016 M, 
KNO;—0.002 M, NH,NO;—0.002 M, CaSO,—0.0001 M, and Fe(NOs;);— 
0.00004 M. This was designated as solution L, and was supplied to fifteen 
of the cultures on Monday of each week. On the following Thursdays, 5 
cultures received a similar solution, but with MgSO, replacing MgH,(PO,)2 
in equivalent concentrations; 5 others received the same solution with the ad- 
dition of 3.5 p.p.m of aluminum as Al,(SO,)3; and another lot of 5 received 
12.8 p.p.m. of aluminum as Al.(SO,)3. The greater acidity of the aluminum- 
containing solutions was counteracted by additions of NagCO; solution, so that 
the acidity of all cultures at the beginning of each period was approximately 
pH 4.5. This treatment was continued until May 15, when the plants were 
removed and dried. 

A second series was grown in a slightly different nutrient solution, composed 
of MgH,(PO,)2—0.00016 M, (NH4)2 SO,—90.0025 M, KC1—0.0008 M, CaSO, 
—0.0008 M, and Fe(NO;);—0.00004 M. This solution was designated solu- 
tion M. This latter solution regularly became more acid, because of the 
removal of ammonia from the (NH,)2 SO, and the plants made a decidely poorer 
growth than in solution L. The average yields are given in table 1. 

The growth of the plants in both cultures as shown in the table 1 was depres- 
sed by 3.5 p.p.m. of added aluminum and severely injured by 12.8 p.p.m. The 
roots showed greater injury than the tops, those of the solution L cultures 
being reduced to 41 per cent of the control plants, whereas the tops were only 
reduced to 57 per cent by 12.8 p.p.m. of aluminum. The aluminum content 
of the plants was slightly increased by the aluminum treatment. Rye is re- 
garded as relatively resistant to aluminum toxicity (2). 

Solution cultures were grown in the greenhouse during the winters of 1924-25 
and 1925-26. Plants were germinated on a perforated aluminum plate floated 
on corks over tap water. When about 5-cm. high, the seedlings were trans- 
ferred to perforated paraffined corks and mounted over 250-cc. jars. In the 
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case of large plants, such as cabbage and corn, one plant was put in each jar; 
with smaller seedlings, 6 plants were grown in each 250-cc. jar. 

The basal nutrient solution used in this and the subsequent cultures was as 
follows: MgSO,—0.0008 M, Ca(NOs),—0.0015 M, NH,NO;—0.001 M, 
KCI—0.0008 M, Fe(NOs)s—0.000008 4M. 

This solution was changed twice weekly. During half of each week, 
0.000066 M monocalcium phosphate was supplied. During the remaining 
half of each week, the desired amount of aluminum was supplied, and the 
acidity of the different culture solutions was adjusted by the addition of 
dilute sulfuric acid or of sodium carbonate, so that all of the solutions of 
one series were of similar acidity and between pH 4.0 and 4.5. 

Table 2 shows that lettuce proved very sensitive to aluminum toxicity. 
One and a half parts per million of aluminum added to the solution produced 
a notable depression in yield. 

All the cultures were grown with tap water from a surface well. With this 


TABLE 1 
Yields of Rosen rye* from solution cultures 70 days old 
FROM SOLUTION L FROM SOLUTION M 
Ba Proportion in dry matter 
Weight | Weight | Weight of 
of tops | of roots | ° io 
7 P:0; | AlOs | Fe:0s 
gm. gm. gm. per cent | per cent| percent 
SOMMIGN Q1ONG isos snc iessos encase antes 18.02 | 4.76 | 13.00 | 1.04 | 0.05 | 0.10 
Solution plus 3.5 p.p.m. aluminum......... 14.76 | 3.59 | 10.91 | 1.40 | 0.07 | 0.15 
Solution plus 12.8 p.p.m. aluminum........ 10.35 | 1.94] 8.13 | 1.73 | 0.12 | 0.09 


* 30 plants. 


it was easy to maintain a suitable acidity because of the buffering action of 
the salt content of the tap water. 

Not all of the cultures were grown at the same time and there were wide 
variations in results from successive tests with the same kinds of plants. De- 
spite this, the crops can be tentatively grouped into three classes: 


Sensitive (depressed by 2 p.p.m. of added aluminum)—lettuce, beets, timothy, and 
barley. 

Medium sensitive (depressed by 7 p.p.m. of added aluminum or less)—radishes, sorg- 
hum, cabbage, oats, and rye. 

Resistant (depressed by 14 p.p.m. of added aluminum or more)—corn, turnips, and 
redtop. 


The relative tolerance to aluminum is in noticeably close agreement with 
the field observations of Burgess and Pember (2) of resistance to acid-soil 
conditions, and with the results of Hartwell and Pember (3) for barley and 
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rye. The only conspicuous discrepancy is in the case of carrots, which appear 
to be quite tolerant of acid-soil conditions in the field, but which in solution 
cultures were seriously injured by low concentrations of aluminum. This ob- 
servation is based, however, on only 1 series of cultures including carrots, and 
must be substantiated by further tests before it can be regarded as at all certain. 


ACIDITY OF SOLUTION 


It has been found repeatedly by numerous workers that growing plants 
have a tendency to change the acidity of the culture solutions in which they 
are grown. Since aluminum is easily precipitated from solution by slight 
reductions of acidity below pH 4.5, it was thought that possibly the apparently 


TABLE 2 
Yields of lettuce in solution cultures grown with different concentrations of aluminum, expressed 
as relative values with controls as 100 


. a = AIR-DRY WEIGHT | 
KIND OF PLANT =2| ©& | PER PLANT WITHOUT | 
2 4 ze | ALUMINUM | 
z =~ | 
ueeks gm. 
Concentration of aluminum, p.p.m.....................|0.54| 0.9 |1.08)1.62/1.8 | 2.7) 3.6 
Whole | | | 
Lettuce, May King.......| 36 | 8 | plant 0.28 | .. | 96]... ].. | GL | 51 | 45 
| Roots 0.072) 98 | . | 89 | 76 
Lettuce, May King....... 30 | 6 | Tops 0.312) 80| .. | 75 | 54 
| | Whole te 
Cl ee 36; 8 | plant 0.028) .. | 99 | ae 82 | 45 | 25 
Concentration of aluminum. p.p.m......................|0.7/1.4 | 2.2 | Zo | 
Roots 0.33 | 99 | 85 | 79 | 65 | 
Lettuce, May King....... 30 | 9 | Tops 0.82 | 98 | 92 | 82 | 70 | 


tolerant plants may have made the culture solutions more alkaline during the 
3.5-day period of exposure to them and thus have rendered the aluminum non™ 
injurious by precipitating it. Several preliminary tests were made during the 
growth of the earlier cultures in 1924, indicating that lettuce tended to make 
the culture solution more acid and that radishes and rye tended to make it 
more alkaline. On April 17, more comprehensive tests were made on the 1925 
cultures when the majority of the culture plants had been grown in solution 
for about 6 weeks, and had been for 2 days in the particular solution tested. 

The following were the average pH values of the solutions from four or more 
cultures each of different crops, as determined by the use of Clarke and Lubbs 
indicator dyes: 
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Sensitive crops—Lettuce 3.8, beets 6.3, timothy 3.6, and barley 6.4. 
Medium sensitive crops—Radishes 6.0, sorghum 3.9, cabbage 6.5, oats 6.5, and rye 6.8. 
Resistant crops—Corn 6.7, turnips 6.1, and redtop 3.6. 


The crops which had a neutralizing influence on the culture solution included 
the sensitive, beets and barley; medium, cabbage, radishes, turnips and rye; 
and resistant, corn and oats. The crops having an acidifying influence were 
likewise well distributed in the different groups, one of the most sensitive crops, 
lettuce, and the most resistant, redtop, both being strong acidifiers. The 
tendency of the crops to acidify or neutralize the solution, therefore bore no 
apparent relation to the tolerance of that crop to aluminum poisoning. 

The toxicity of the Ale(SOx)s is irrespective of the solution becoming more 
or less acid because of the growth of the plants. The previous cultures of rye, 
in solution M, which were rendered acid by the rye alone, also showed the 
toxic action of aluminum, even though the aluminum-containing cultures were 
not more acid than the controls without aluminum. The aluminum itself was 
apparently strongly toxic in any culture solution in which it could remain dis- 
solved. This toxicity could not be due to precipitation of phosphate from 
the culture solution, since phosphate and aluminum salts were supplied alter- 
nately. This is in opposition to the conclusion of Line (5), that depression 
by aluminum in culture solutions is due either to precipitation of phosphate 
or to acidity. In these cultures the depression in plant growth would appear 
to be due to the toxicity of the aluminum itself. 


MANIFESTATIONS AND LOCALIZATION OF ALUMINUM POISONING 


All of the crops that were at all depressed by aluminum showed the first 
evidences of injury in the roots. These at first became discolored, then branch 
roots became stunted, or failed to develop, and the whole root system became 
dwarfed. These symptoms were apparent long before there was any visible 
depression in the growth of the tops. In the case of very sensitive crops, such 
as beets and lettuce, the roots died promptly in solutions containing appre- 
ciable quantities of aluminum. The roots of corn and other noticeably resist- 
ant crops were deformed, but persisted, except in the higher concentrations 
of aluminum (plate 1, fig. 1). Redtop was apparently uninjured by rather 
strong solutions of aluminum, and even a concentration of more than 50 p.p.m., 
which depressed the yield a little, did not visibly injure or deform the roots. 
Thus the aluminum poisoning appeared to be localized in the roots. 

Similar observations of root injury due to aluminum have been noted by 
McGeorge (6), Magistad (7), Hoffer (4), Rothert (8), and others. Since, 
primarily, aluminum injury is in the roots, the effect of aluminum treatment 
on the absorption of dyes, nutrients, and water by corn roots was tested. The 
first tests were made on January 6, 1926, with corn which were about 1 foot 
tall and had been grown in solution since November 16, 1925. Six cultures 
of 2 plants each were tested, 3 from cultures receiving 21.6 p.p.m. of aluminum 
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TABLE 3 


Yields of various plants in solution cultures grown with different concentrations of aluminum, 
expressed as relative values with controls as 100 


= 
afi 8 = AIR-DRY WEIGHT 
KIND OF PLANT = 2| w& |PER PLANT WITHOUT 
as <5 ALUMINUM 
z ~ 
weeks gm 
Concentration of aluminum, p.p.m.................-. 1.813.6|7.2 14.4/21.6/28. 8/43. 2/57.6 
Whole 
Beets, Early Wonder..... 30 | 18 | plant 1.28] 26) 12) 16) .. 
Whole 
Beets, Early Wonder.... | 10 | 11 | plant 1.00) 74) 23) 35 
| | | Whole 
Beets, Mangel........... | 30 | 18 | plant 2.34| 75) 38) 25 
| 
| | 
| Whole 
Carrots, Chantenay....... | 5} 18 | plant 4.03) ..| 26) 13) 10] .. | 8 
| 
} | Whole 
Carrots, Chantenay....... | 5 | 18 | plant 345) ..1:23]/291 13:1... | 9 
; | Roots 0. 53/106; 79) 49) 62 
Radish, Scarlet Globe....| 6 | 11 | Tops 0. 54/106) 79) 52) 62 
} } 
Roots 0.3 |283)487/273|107 
Turnip, White Globe.....| 5 | 11 | Tops 0.85) 78) 81) 61) 44 
| 
| | — | Whole 
eee | 30 | 18 | plant 0.69) ..| 93) 94/112 
; | | 
Lom | Whole 
ee eee (10 | 14 | plant 2.04) ..| ..| 57) 48] .. | 34 | 38 
j | | 
| | | Roots 0.47| 53) 43] 51] 44 
is ch eeescances | 30} 11 | Tops —0.86| 78) 69) 70) 65 
; | | | 
| | Roots 0.111 ..| 96) 74) 73 
De ieicdscexxeeeel 30 | 9 | Tops 0.47) ..| 92) 78| 74 
| | 
| Roots 0.19) 99/121/141 147 
Boo sveiey ss Jseemwe | 30 | 10 | Tops 0.68) 86) 7 129 
iene 
| | oe 
| | Roots 0.17| 78) 63| 62 
eben anvdiovonies 30 | 9 | Tops 0.31) 88) 87| 75 
} | 
| Roots 0.36, 79| 85] 77) 99 
Ee ne Ere eae 30 | 10 | Tops 0.68) 80) 70) 91|119 
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TABLE 3—Continued 


& # AIR-DRY WEIGHT 
KIND OF PLANT 2 & |PER PLANT WITHOUT 
2 


ALUMINUM 


NUMBER OF 
PLANTS 


weeks gm. 

Roots 2.0] ../101/101] 75 
Corn, R. I. White Cap....| 5] 5 | Tops 6.0 | ..| 77) 92) 67 

Roots 1.54] ..} 45} 82) 45 | 36 
Corn, R.I. White Cap....} 4/10 | Tops 9.48} ..|102} 92} 63 | 61 

Roots 0.36} 44] 56) 49) 49 
OME MME 2s ieiais dias Wesctes 30 | 10 | Tops 0.54} 64) 64/ 90) 69 

Roots 0.17} 78} 73) 40 
TQORAY Hi esies  sieinasnenrs 24 | 10 | Tops 0.63) 65) 70) 51 

Whole 
oT Lr a a 24 | 10 | plant 0: 50}129)112)136} .. |... | 72) «x | 84 


in Ale(SO,)3 and no P.O; one-half of each week, the other 3 having had nutrient 
solutions without aluminum, but with alternating phosphorus and no phos- 
phorus. At 10 a.m. the roots of one aluminum treated and one non-aluminum 
treated culture were immersed in solutions of malachite green, rosolic acid, 
and water-soluble eosin, respectively. At 2 p.m. these were removed from 
the dye and examined. 

Of the control plants, eosin stained all of the leaves to the very tips. Of 
the aluminum-treated plants, one had eosin stain in the veins of the leaf sheath 
of the largest leaf, 1.5 inches above the roots, the second had stain in the ves- 
sels of the four outer-leaf sheaths 4 inches above the roots, but no further out 
into the leaves. Malchite green stained the cortex but the stain did not pene- 
trate beyond that point in either the aluminum-treated or the control plants. 
Rosolic acid stained the outside of the roots of the aluminum plants, but not 
those of the controls, and did not penetrate into the tissues of either. Thus 
the aluminum treatment caused the epidermis of the roots to stain more 
readily with rosolic acid, and hindered penetration of eosin into the tissues. 

Similar tests with material from the same set of cultures were made on 
January 8, after the cultures had been for 1 day on uniform culture solutions 
without aluminum. The roots were immersed in 0.001 per cent methy] violet 
and in 0.1 per cent eosin for 1 hour, then examined. Eosin had travelled 1.5 
inches up the petioles in the control plants and had not penetrated beyond the 
cortex of the aluminum-treated plants. Methyl] violet did not penetrate be- 
yond the outer cells of the cortex. Other plants were left in the eosin 4 hours, 
during which time the eosin had penetrated the control plants a distance of 
over 1 foot to the very tips of the leaves, but had ascended in the aluminum- 
treated plants only a distance of 7.5 inches above the root collars. 
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The toxic action of the aluminum was apparently of such a character as to 
diminish the rate of movement of eosin through the conducting tissues of the 
plant either by interfering with absorption or by precipitating the dye in the 
outside tissues. Rosolic acid stained the aluminum-treated roots more strongly 
than those of the controls. 

To learn whether the absorption of nutrients was affected in the same way 
as that of the dyes, corn plants were deprived of nitrates for several days, 
then placed in a solution of 0.012 M Ca(NOs3)2 for 72 hours. A test was made 
January 18 from 10.30 a.m. to 5 p.m., when nitrates were found 2 inches up 
the stem of the control plants, but none in the aluminum-treated plants. On 
January 21, at 3 p.m., others of this same lot of plants were sectioned, and 
tested for nitrate with the diphenylamine test. The control plants showed 
much nitrate in root collar and leaf sheaths, 10 cm. above the roots. The 
aluminum-treated plants tested at the same time gave a nitrate test only on 
the surface of the immersed roots. 

Lettuce plants grown in solution cultures with different amounts of alumi- 
num were immersed in solutions of eosin and rosolic acid, respectively, from 
9 a.m. on January 24 to9a.m. on January 25. Then the eosin had penetrated 
the control plants throughout their tissues, and had reached only to the root 
collar in the plants subjected to 0.54, 0.90, 1.26, and 2.16 p.p.m. of added 
aluminum, but the culture treated with 1.62 p.p.m. of aluminum showed as 
great a penetration of eosin as did the control. The rosolic acid gave the same 
results as with corn, staining the aluminum-treated roots, but not those of the 
control plants. Only the plants subjected to the 2.16 p.p.m. of aluminum 
were conspicuously dwarfed by the aluminum poisoning. Similar tests were 
made with lettuce in eosin solution on January 27 to 28, and the aluminum- 
treated and control plants absorbed the dye readily, showing no evident dif- 
ferences. The distribution of the eosin was not so easily followed in the let- 
tuce as in the corn, because of the milky latex. 

Two lots of 4 plants each of corn which had been grown 1.5 months in solu- 
tions without aluminum were then subjected for 12 days to solutions without 
phosphorus, but in one case without aluminum and in the other with 21.6 
p.p.m. of aluminum in solution. Their rates of water absorption were then 
measured by the amounts of liquid necessary to refill the jars, for a period of 
23 days, with the following results: 


WATER LOSS PER 


( WATE 
TOTAL WATER | soUARE METER 


TOTAL LEAF AREA! LOSS 


PER DAY 

q. Mm. cc cc 

nM 250 sniescsecenenesnscovesere iu 06 | oad] 7.9 
16.6 


a re 1.16 | 443 


The water absorption by the plants subjected to aluminum was reduced 40 
per cent as compared to the control plants of about the same size. 
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Thus the efiect on Rhode Island White Cap corn of aluminum at a concen- 
tration which did not greatly dwarf the plants, was such as to make the root 
surfaces stain more readily with rosolic acid; to decrease very markedly the 
rate of penetration of eosin and of nitrate ions through the tissues; and to 
depress the rate of water absorption to 40 per cent from that of normal plants 
not subject to aluminum. 

Such marked effects on absorption would indicate that the aluminum had 
seriously decreased the permeability of the roots. Stoklasa (10), McGeorge 
(6), Rothert (8), and others have shown that there is an aluminum accumula- 
tion in the roots of most plants. Accordingly tests were made with the 
haematoxylin method applied by Hoffer and Carr (4) to demonstrate the ac- 
cumulation of aluminum. Roots of corn, cabbage, and redtop grown with and 
without aluminum were examined in this way. 

The haematoxylin stained only the epidermis and a few cells of the outer 
layer of cortex of the control plants of all three sorts grown without the ad- 
dition of Al,(SO,)3 to the solution. The roots of aluminum-treated plants of 
both corn and of cabbage were strongly stained with the haematoxylin. Sec- 
tions of these roots showed the stain to be confined to the cortical cells (plate 
1, fig. 2). The protoplasm and especially the nuclei were strongly stained. 
The roots of the redtop grown in aluminum solutions were not visibly injured, 
as were those of corn and cabbage, and when tested with haematoxylin did 
not show the stain in the cortical cells. Only the epidermal cells and a few 
of the first layer of cortical cells of the redtop roots were stained in either the 
aluminum-treated or the control plants. 

Thus the haematoxylin test indicated an accumulation of aluminum in the 
cortex of corn and cabbage roots immersed in aluminum solution. There was 
very little aluminum in the roots of the more resistant redtop. It seems 
probable that the accumulation of aluminum in the roots is responsible for 
their decreased absorption of dyes, of nutrients, and of water. The most 
marked accumulation was in the protoplasm and nuclei, which were stained 
very deeply. In just what manner the aluminum reacted in the cell proto- 
plasm to bring about the differences in permeability is not certain. 

All the foregoing tests were made with cultures in which the aluminum was 
supplied in Alo(SO,)3, and in which the culture solutions were made up of 
inorganic salts only. Under such conditions, the aluminum was precipitated 
very readily by changes in acidity toward neutrality or by the presence of 
phosphates in the solution. Organic compounds of aluminum are less easily 
precipitated than Alp(SOx,)s and it is possible that in ordinary clayey soils 
aluminum may be combined with organic acids. Accordingly, aluminum 
citrate and aluminum tartrate were prepared by dissolving precipitated alumi- 
num hydroxide with citric and tartric acid, respectively. 

Cultures of Grimm alfalfa were grown in 250-cc. jars from March 16 to 
June 16, 1926 in the same basal nutrient solution as was used for the previous 
cultures to test aluminum toxicity. Four plants germinated in sand and trans- 
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ferred to the culture bottles when in their second leaf, were started in each cul- 
ture. Aluminum treatment was begun on April 1 and solutions were changed 
twice weekly. Tests were made of the acidity of the culture solutions on 
April 12, after they had been in the culture vessels 2 days. 

Where phosphate was supplied continuously, as in series 3, half the amount 
was put in each time, so that the same total amount was supplied, whether 
this all was furnished during half of each week, or continuously. The cul- 


TABLE 4 
Test of acidity of culture solutions after alfalfa had grown in them for 2 days 


Concentrations of aluminum, p.p.m..............| 0 1.8 | 3.6 | iz 14.4 

1. Alternating CaHy(PO,)2and Alp(SO,)3........ | 4.4 | 4.2 | 7.0 | 6.2 | 6.4 

2. Same as above except Al,(SO,); neutralized | | | 
partially at beginning.................... 146 |40 | 6.5 |6.4 | 6.0 

3. Continuous aluminum citrate and CaH,(PQ,)2| 7.6— | 7.6— | 7.6 |7.6— | 7.6- 

4. Alternating aluminum citrate and CaH,(PQ,):| 7.6— 7.6— ! Plants dying 

5. Alternating aluminum tartrate and CaH,(PO,)2) 7.6— | Plants dying | 7.6= 


TABLE 5 
Weights per plant of alfalfa from solution cultures June 16, 1926 


| | | 
METHOD OF TREATMENT | ROOTS | TOPS (ROOTS) TOPS |ROOTS| TOPS |ROOTS) TOPS |ROOTS) TOPS 
j | | | 


gm. gm. gm. | gm. | gm. | gm. | gm. | gm. | gm. | gm. 


Concentrations of aluminum in | 


cian cr aeecevenssacewrsces 0 | 1.8 3.6 | 7.2 


1 and 2. Alternating phosphate | | } | | | | | 
and Al;(SO,)s, half each week..... | 0.44 | 0.64 0.28(0. 50/0. 240. 310.110.250.090. 21 

3. Continuous phosphate and alum- | | | | 
AMUN CHEAT... 055.00. 2 0 peer | 0.45 | 0.80 |0.12:0.2510.290.21, Died |0.14/0.08 

4. Alternating phosphate and alum- | | } | 
inum citrate, half each week... | Died just be- | Died 


| | 


| 

Died | Died Died 
| 
| 


| 
| forehar- | early | early | early early 
| vest | 
5. Alternating phosphate and alum- | [ | 
inum tartrate................ | 0.32 | 0.56 | Died | Died | Died (0.09)0.12 
| | early | early | early | 


tures of series 1 had an initial acidity of about 4.5, of series 2 of about 5.9, 
and the other cultures were neutralized with Na,CO; to about pH 6.8 to 7.0 
at the beginning of each culture period. The aluminum citrate in solution 
without CaH,(PO,)2 remained clear. The aluminum citrate and tartrate solu- 
tions with phosphorus became cloudy when neutralized, but no precipitate 
settled out. All of the cultures containing citrate or tartrate developed a 
fungus or yeast growth, and became cloudy and foamy a day after they were 
set up with the plants. 
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The alfalfa plants were harvested on June 16, after 2.5 months of aluminum 
treatment. The lower leaves of all plants had then begun to dry up and fall 
off. 

The weights given in table 5 were based on only 1 to 4 plants in each case 
and the cultures were not duplicated. The quantitative comparisons are no 
more than indicative, but certain facts stand out clearly. 

Young alfalfa plants rendered the culture solution alkaline so rapidly that 
aluminum was quite promptly precipitated from sulfate and little toxic effect 
was produced. Aluminum citrate and aluminum tartrate did not yield pre- 
cipitates even when the solutions were neutralized, and these were quite 
strongly toxic to alfalfa. When the phosphate and the aluminum were alter- 
nated, even 1.8 p.p.m. of aluminum as citrate or tartrate killed the plants in 
about 2-weeks’ time. The presence of phosphate in the solution at the same 
time seemed to protect the plants; thus in series 3, in which aluminum citrate 
and mono-calcium phosphate were both supplied at each change of solution, 
the plants were not killed and showed only slight depression. The plants from 
the Alo(SO,)3 culture likewise showed little depression, because aluminum was 
precipitated from the solution, which was rendered alkaline by the presence 
of alfalfa. 

In all of these experiments, the protective influence of phosphates against 
aluminum poisoning is very evident. In the case of Al,(SO,)s, the phosphates 
precipitated out the aluminum very promptly when the two were put into 
solutions together. Even aluminum citrate seems to be rendered much less 
toxic by the presence of phosphates though aluminum was not precipitated. 


CONCLUSIONS 


1. All crops studied were injured by sufficiently high concentrations of 
aluminum, if this was supplied alternately with phosphorus, and in a culture 
solution of an acidity which would not precipitate the aluminum. 

2. There were wide variations in the sensitiveness to aluminum of the 
different crops studied. 

(a) The most sensitive crops were lettuce, beets, timothy, and barley. 

(b) The medium sensitive crops were radishes, sorghum, cabbage, oats, and 
rye. 

(c) Corn, turnips, and redtop were noticeably resistant to aluminum poi- 
soning, redtop being the most resistant of the three. 

3. The tendency of the crops to change the solutions toward a more alkaline 
or more acid reaction was not correlated with the sensitiveness of the crop 
toward aluminum. 

4. The first evidence of toxicity of aluminum was in the dwarfing and injury 
to the roots. 

5. Aluminum poisoning to corn plants was accompanied by reduced absorp- 
tion of dyes, of nitrate, and of water. 

6. As indicated by the haematoxylin test, the aluminum absorbed by the 
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plants accumulated in the cortex, mainly in the protoplasm, and was concen- 
trated in the nuclei. 

7. No accumulation of aluminum was detected by these tests in any other 
parts of the young plants, except in the cortex of the immersed roots. 
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PLATE 1 


EFFEcT oF ALUMINUM ON Corn Roots 


Fic. 1. The corn plant to the left was grown in a solution to which 28.8 p.p.m. of aluminum 
had been added during half of each week. The plant on the right had no aluminum added 
to the culture solution. Note the short, stubby roots of the aluminum-treated plant. 

Fic. 2. Haematoxylin-stained cross section of a corn root from a plant grown in a solution 
to which 21.6 p.p.m. of aluminum had been added. The protoplasm of the cortex is stained, 
and the nuclei of the cortical cells are deeply stained. None of the cells of the stele are 
stained. 
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Numerous investigations of the relation of organic matter to the accumula- 
tion of soil nitrates have been made. In most of those reported in the liter- 
ature the organic matter was incorporated in the soil in some manner. Only 
two investigators have reported work of this kind in which organic matter was 
applied to the surface of the soil as a mulch. Scott (4), working with a silt 
loam at the Kansas station, found that 2 tons or more of straw applied to wheat 
as a mulch had a depressive influence on soil nitrates. Albrecht (2), (3) has 
reported a marked depressive influence of a straw mulch in an uncropped silt 
loam. ‘The results here reported are of especial interest because the relation 
of a mulch to nitrate accumulation was found to be exactly the reverse of that 
reported by Scott and Albrecht. As will be seen, however, the conditions of 
the experiment were somewhat different from those heretofore reported. 


DESCRIPTION OF SOIL AND CONDITIONS 


The soil studied is a glacial till dervied from crystalline and sedimentary 
rocks and tentatively classified as Gloucester sandy loam. The topography 
is hilly and the plots studied are located on the eastern slope of a drumloid 
having a grade of approximately 15 per cent. Some physical and chemical 
characteristics of the soil are given in table 1. ‘The climatic conditions pre- 
vailing were rather typical of those of the northeastern United States, the 
mean’ rainfall at Amherst being 44.17 inches, and the mean temperature 46.8°F. 
Seasonal rainfall and temperature are given in table 3. 

The plots have been used in orchard studies of the pomology department for 
several years, and are known as Block G-H of the orchard series. Figure 1 
shows a plat of the experiment. From 16 to 20 apple and pear trees, including 
the varieties McIntosh, Wealthy, and Bosc (pear), planted in 1911, were 
growing on the plots. Each plot had an area of approximately one-fourth acre. 
No fertilizer was applied to any plot. A cover crop was sown on the cultivated 
plots each year about the middle of summer. 

Since 1922 a mulch composed of waste hay and straw has been applied to the 


1TIn codperation with Dr. J. K. Shaw of the pomology department. 
? Mean climatological data from Summary of Climatological Data for the United States 
by Weather Bureau, U. S. Dept. Agr. 
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uncultivated plots in the spring and fall of each year, at the rate of 6 to 8 tons 
per acre: the fall application was omitted in 1926. The mulch was placed 
mainly under the overhanging branches of the trees and occupied about two- 
thirds the total area of the plots: it varied in depth from 2 to 12 inches with 
an average of 6 to 8 inches. Since the beginning of the mulching practice 
the mulch has not been removed nor the soil plowed. Thus, there has been a 
steady accumulation of decomposing organic matter, diminished only by that 
which is lost through the natural channels of decay and weathering. The 
accumulation of 1926, estimated at 8 to 10 tons to the acre, was so thick that 
weeds and grasses were almost wholly absent. An examination of the mulch 
at the latter part of the growing season showed that the whole mass was pretty 


TABLE 1 
Physical and chemical properties of the soil 


Mechanical analysis: per cen 
Sa MRR SMNERED isos Sinn ise wie io) os o'r is Vig is SI imi oo wis ss ese Sw nie rece le aioe 3.6 
UR CS Oe ee 6.9 
Se SSG a A ee rs 10.0 
eae IMD MODAN RD MED TINEA Sino atc cw nies new a)avs isis’ alo p aisle de % eiwiaia pS.6.0'6 b:ac4 a lors 16.3 
Se etee ND AUD AUD APIS MNGI oo oe Foss cde os wish Wis otk FEISS Wisin Ware @rmasivee's 66.618 33.8 
Silt (0.05-0.005 mm.)................. isin len 6 Oi R ISSR ne as Mewwenisearees ess 19.7 
hte We sw stil chy beh aqrucunenaueaet on eee 9.7 

Loss on ignition: per cent 
[MME Sore mk eon pmacrcy se ches thane bees sbGaees nen wie e eases 3.9 
BEMMNRCE Noe cece ere toe ena tree ona hata uit no va we Ghee wis 5.6 

Hydrogen-ion concentration: pH 
EL Eg a ee on ne iar ety gen areata SA a Pee, 6.2-6.4 
DOMME eS a gee eee pO ences oe tice Sue RS EUW winww anne se SNe 5.45.6 

Lime absorption :* pounds CaO 
SONORA iis sie thw Oa abe aoe lwis ns wis PS eS ws Kies tes eS wis ewlhlare SAE weer 1115 
RMON On Oe au Ta Wana SE as Ae ES eK A a OA be wes 1784 


* Jones’ calcium acetate method used. 


well broken down with the lower layer well humified. Chemical analyses of 
the mulch material are given in table 2. 

The conditions of the experiment here reported differ from those previously 
reported in respect to: 1) character of soil, 2) treatment of soil, 3) accumulation 
of mulch, 4) kind of mulch, 5) crop, and 6) climatic conditions. Furthermore, 
it should be noted that nitrate determinations were not made in this experiment 
until 1925, three years after the mulch was first applied. 


METHODS 


Nitrate determinations were made on composite soil samples drawn at 
weekly intervals during the active growing seasons or at other intervals as 
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indicated later, during 1925 and 1926. In sampling, the mulch was pushed 
away and borings were drawn with an auger (diameter 1.5 inch) to a depth 
of 7 inches. Temperature and moisture conditions were also determined. 
The soil samples were immediately taken to the laboratory and nitrates de- 
termined in the moist soil by the phenol disulfonic acid method. 


TABLE 2 
Chemical analyses of the mulch material 


per ceny 

BR PID AEN Gi enc et fel a a ae a ee a eee 1.19" 
Total nitrogen of old mulch: 

NUR CE UN isos crsraleyaiots alors ati es asese awstats Susie roe oscars ie nrsa alo Ab na sa aerewiowreee 2:25" 

TOWED OVC cx ans sb oicw.cias aieiveeiee FR aes Cth Meisioas ice ase sak dheeeeCMieGn 1.57" 
TECIIT Gren cer ity ei cee tc tC i ce etre eo eae errr 3.21t 
Humus content of old mulch: 

WCDI RV OD er ios sete ey, Gia tint tae Os oritintrdaaouaesinia aaareuicnswelese 8.6 

SRNR eras eo one er ara iat ete esate aren 8515, sancti eilaroter sable 7.9F 


* Moisture-free basis. Nitrate nitrogen not included. 
+ Air-dry basis. 
t Soluble in 4 per cent ammonia solution. 
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Fic. 1. PLat oF THE EXPERIMENT 


RESULTS 


The data on nitrates, moisture, temperature, and rainfall are presented in 
tables 3 to 8. 


TABLE 3 
Mean seasonal temperature* and precipitation} at Amherst, Massachusetts 
MONTH TEMPERATURE PRECIPITATION 
| 7. inches 
EMMRIG oh ante 56 cach eeceno keh eu ees bans eune 23.8 3.38 ; 
PPM cn nine cew ine sue EO ee Sakaecnwaeeeeweuew's 22.3 S21 
MMU ow aig weenie Saas kind 6 VRS Mins Assists ocean ences 34.5 3.60 
nk soi, foe crn can een oe iets ee 45.7 3.18 
DR ease eon t ha rotebnc tener ckbwsers 57.0 3.80 ; 
BOE 5s aii a sao se kis e as eussaeou cee sn eetaskooee 64.6 3.61 f 
LOPS IS See NER nT SON rr eR PR 71.0 4.40 1 
Ol eee Be a ee ae ee ore nee 68.4 4.36 | ‘ 
REE nice hee ok Oe ey ee errand Sony 4 61.4 3.66 
SE Ln nos on ca eo anes amen one peu aae ous 51.5 ey [| 
EEE See yes deen mites eee ma eal 38.3 3.62 
SEI ete, Oh Ce tno eee namin te ena | 22.8 3.58 
USS Seay SSA ae aS ea ia Sen SIO Ie 46.8 44.17 
* For 84 years. 
7 For 20 years. ; 
TABLE 4 
Soil temperature 
1925 1926 
Cultivated Mulched Cultivated | | Mulched 
DATE DATE | 
G H G H G | H G H 
C °C <6 wes | "C ci *€ 
5/8 8 9 8 9 5/24 | 12 | 12 | 12 | 22 
15 11 12 11 12 bf | 1 | 13 13 
22 13 13 13 13 8 is. 4 43 12 12 
29 12 12 12 12 5 1 16 | 14 14 
6/3 18 18 i8 18 22 | 15 | 15 13 13 
12 16 17 14 14 29 | 16 | 16 15 15 
19 18 18 16 15 7/6 | 17 17 15 15 
26 15 15 14 14 13 17 17 16 16 
7/3 16 16 16 16 20 18 18 17 17 
10 19 19 17 18 27 18 18 17 17 
17 20 20 18 18 8/3 21 | 22 19 19 
24 18 18 17 18 10 19 20 18 18 
31 17 17 17 17 17 18 16 18 19 - 
8/7 18 | 18 | 19 | 19 24 | 18 | 18 | 17 | 17 
14 18 18 18 18 31 | 16 15 16 16 2 
21 18 18 18 17 9/7 | 16 16 16 16 e 
28 16 16 16 17 14 14 12 14 14 
9/4 17 17 17 17 21 | 15 15 16 16 " 
25 13 13 15 14 28 | 13 12 12 13 I 
10/16 11 11 11 12 10/5 | 10 10 11 10 
19 | 8 7 | 10 | 10 t] 
11/2 6 6 8 8 sc 
16 11 10 9 9 
12/2 | 3 4 6 6 - 
14 | [3] [3] sk 
30 .| [3] [3] Ci 
1/15 Nery [2] [2] 
Average 15.6 15.8 13:3 15.4 14.4 14.2 13.9 14.0 
180 
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The difference in the nitrate content of the soils under mulch and cultivation 
is marked. In contrast with the results of Albrecht, it is striking. At no 
time within the periods studied did the average nitrate content of the cultivated 
plots reach that of the mulched plots, although at three times in 1925 the 
curves for the two almost converged. This occurred within the most active 
growing period when the greatest draft was made on nitrates. In both years 
the divergence of the nitrate curves is greatest during the latter part of the 
season. The figures for 1926 run unusually high for field soils. That such 


TABLE 5 
Nitrates, Block G-H 1925 
Dry weight basis 


CULTIVATED MULCHED 

DATE 
G H Average G H Average 
d.p.m. p.p.m. p.p.m. p.p.m. p.p.m p.p.m. 
5/8 Th 11.6 5.8 29.1 13.3 yA ee | 
15 5.9 11.8 8.9 18.3 6.2 12.3 
22 3.0 i few? ne | 10.4 14.0 1222 
29 4.3 7.7 11:0 15.8 9.6 1 VY 
6/5 i af 18.7 1D ee 28.4 14.4 21.4 
12 4.2 11.6 7.9 24.6 60.5 42.6 
19 1.3 35.3 y A i 36.5 41.9 39.2 
26 14.9 36.2 25.6 32.9 34.6 33.8 
7/3 9.4 26.6 18.0 ZA 2 18.0 19.6 
10 o:4 21.4 1353 19.7 23:5 21.6 
17 far: 28.4 17.9 48.8 40.0 44.4 
24 4.4 9.4 6.9 25.4 $2.5 29.0 
31 4.4 6.0 ase 23.6 18.4 21.0 
8/7 sb Ge | 10.9 11.0 49.9 95.5 2 
14 Kae 21.0 421 67.0 34.8 50.9 
21 8.1 16.7 12.4 40.9 56.0 48.5 
28 Lo Sul a 34.9 66.2 50.6 
9/4 1.4 3.9 3.5 96.6 81.1 88.9 
25 LS 1.4 aS 63.4 Ise 58.3 
10/16 Tr 1 0.7 38.1 t.9 57.8 
Average..... 5.6 15.2 10.1 36.3 39.6 37.9 


concentrations and even greater ones are not impossible when very favorable 
conditions for nitrification exist is proved by the results of others (1), (4), (5). 
It appears that such favorable conditions existed on Block G-H in 1926. 
When the factors concerned are examined as to the probable explanation of 
these results in view of the results of others, we find the following: First, the 
soil used was light, loose, well drained, and assumably well aerated. In these 
respects the conditions were noticeably different from those of Albrecht. As 
shown by him and others, aeration has a beneficial influence on nitrifi- 
cation in soils. Second, the mulch material was allowed to accumulate 
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and decompose until there was a large amount of readily nitrifiable 
material present. The original mulch material was probably somewhat 
richer in nitrogen than the straw used by others. With a rather constant 
and large supply of humified and, to a certain extent, soluble nitrogenous com- 
pounds intense nitrification and accumulation of nitrates may be expected. 
A study of the chemical composition of the mulch material with respect to its 
nitrogen and humus content (table 2) suggests the following probable changes: 
because of the action of enzymes or even unassociated oxidation the carbohy- 
drates of the fresh mulch were considerably reduced in quantity, next the 


TABLE 6 
Moisture percentage, Block G-H, 1925 
Dry weight basis 


CULTIVATED MULCHED 
DATE | 

G H | Average G H Average 
per cent per cent per cent per cent per cent per cent 
5/8 | 26.4 | 28.3 27.4 27.9 27.8 27.9 
1 | 26.5 | 29.7 28.1 29.0 31.1 30.1 
22 | 24.8 24.2 24.5 28.8 27.1 28.0 
29 | «(23.6 27.6 25.6 29.9 27.7 28.8 
6/5 | 22.9 27.9 25.4 28.3 28.3 28.3 
12 | 18.2 21.4 19.8 25.6 27.4 26.5 
19 | 18.4 19.8 19.1 26.3 24.2 25.3 
26 =| 23.5 28.5 26.0 30.5 25.6 28.1 
7/3 | os 27.6 25.0 28.3 27.0 27.7 
10 | 23.5 | 28.2 20.9 30.6 27.0 28.8 
17. | 22.9 28.1 25.5 29.7 29.2 29.5 
24 «| (27.2 31.2 29.2 31.9 29.4 30.7 
31 | (26.7 28.2 27.5 32.5 28.0 30.3 
8/7 | 26.3 30.9 28.6 31.2 28.9 30.1 
14 | 27.0 | 31.8 29.4 29.2 30.0 29.6 
21 20.0 | 25.5 22.8 24.7 22.8 23.8 
28 | 18.0 | 25.4 21.7 23.5 22.5 23.0 
9/4 | 22.6 | 26.3 24.5 30.0 29.0 29.5 
25 18.6 26.0 22.3 24.7 23.4 24.1 
10/16 | 21.4 28.4 | 24.9 28.5 28.7 28.6 
Average...... 23.0 | 27.3 | 24.9 28.5 27.2 27.9 


proteins were broken down into soluble hydrolytic products which were leached 
into the soil and readily nitrified. Since there was no large supply of cellulose 
in the soil there was no cause for activity of denitrifying organisms: with the 
protection of a heavy mulch leaching was reduced. Hence, conditions were 
favorable to nitrate accumulation. 

What the situation was in the early period of the experiment with respect 
to nitrates, is not known, inasmuch as no determinations were made at that 
time. With other workers, we have found that the action of the mulch was to 
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TABLE 7 
Nitrates, Block G-H 1926 
Dry weight basis 
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CULTIVATED MULCHED 

DATE 
G H Average G H Average 
p.p.m. p.p.m. p.p.m. p.p.m p.p.m. p.p.m. 
5/10 3.3 8.5 5.9 307 23.8 28:3 
17 4.4 6.4 5.4 35.6 35.6 35.6 
24 4.3 8.1 6.2 69.9 67.0 68.5 
6/1 3.3 3.6 3.4 91.0 54.6 T2E8 
8 3.5 357 3.6 97.5 93.5 95.5 
15 3.3 41.5 22.4 7352 44.3 58.8 
22 5.4 13.1 S| se > we 90.4 
29 17.0 30.5 23.8 | 133.0 160.0 146.5 
7/6 79.2 87.0 Sot | --S7820 527.0 452.5 
13 38:8 103.0 70.9 265.0 387.0 326.0 
20 14.5 47.2 30.9 205.0 87.0 146.0 
27 19.0 34.3 26.7 205.0 87.5 146.3 
8/3 14.7 46.5 30.6 171.0 51.0 111.0 
10 1907 34.5 23.6 267.0 62.2 164.6 
17 ahd 3.2 352 36.6 58.1 47.4 
24 Tr. 13.6 6.8 177.0 64.9 121.0 
31 10.4 15.7 13.1 160.0 108.0 134.0 
9/7 Tr. 18.5 9.3 111.0 132.0 121.5 
14 Tr. Tr Tr. 65.8 111.0 88.4 
21 Tr. Tr Tr. 171.0 169.0 170.0 
28 Tr. Tr Tr. 210.9 159.0 185.0 
10/5 Tr. 23.1 11.6 157.0 101.0 129.0 
19 Tr. 2.9 1.5 320.0 249.0 284.5 
11/2 Tr. Tr Tr. 156.8 162.3 159.6 
17 Tr. Tr Tr. Oe). 169.0 84.5 
12/2 104.0 74.6 89.3 
14 109.3 30.4 69.9 
30 65.9 56.0 61.0 
1/15 7.0 115 9.7 
Average..... 14.8 27-3 19.6 141.2 118.2 127.5 
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TABLE 8 
Moisture percentage, Block G-H 1926 
Dry weight basis 


CULTIVATED MULCHED 

DATE 
G H Average G H | Average 
per cent per cent per cent per cent per cent per cent 
5/10 20.4 33.9 | 27.2 32.9 | 29.4 31.2 
17 30.7 34.5 32.6 33.3 | 30.9 32.1 
24 25.7 30.2 28.0 30.5 28.2 29.4 
6/1 25.7 30.9 28.3 35.0 29.0 32.0 
8 22.9 29.4 26.2 30.5 24.5 27.5 
15 23.5 32.9 29.2 40.9 30.8 35.9 
22 16.5 25.6 21.1 27.4 | 25.0 26.2 
29 18.9 26.8 22.9 28.8 24.3 26.6 
7/6 18.8 23.2 21.0 27.2 25.4 26.3 
13 18.1 23.7 20.9 27.0 2.7 24.4 
20 24.0 25.6 24.8 30.6 | 24.7 27.7 
27 22.4 19.6 21.0 19.7 | 17.0 18.4 
8/3 25.5 28.7 27.1 35.3 | 29.8 32.6 
10 14.1 19.2 16.7 28.1 | 22.1 25.1 
17 23.4 28.4 25.9 34.1 36.9 35.5 
24 18.3 24.5 21.4 28.8 | 24.1 26.5 
31 16.0 21.5 18.8 31.6 25.2 28.4 
9/7 23.1 30.7 26.9 31.8 26.5 29.2 
14 15.0 18.7 16.9 26.3 23.5 24.9 
21 11.6 17.6 14.6 28.2 22.9 25.6 
28 17.9 21.4 19.7 34.1 26.3 30.2 
10/5 12.8 19.8 16.3 25.6 21.3 23.5 
19 25.2 25.6 25.4 26.3 22.9 24.6 
11/2 25.8 30.2 28.0 | 28.4 29.9 29.2 
17 25.4 29.9 27.7 | 30.3 25.0 27.7 
12/2 30.0 32.4 31.2 34.5 30.2 32.4 
14 26.6 21.7 24.2 
30 32.7 26.7 29.7 
1/15 20.5 27.4 24.0 


Average..... 21.3 26.3 23.8 29.9 25.94 | 27.96 
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conserve moisture and stabilize temperature. The action of these factors, 
however, was not unfavorable toward nitrification. 


CONCLUSION 


Under soil, climatic, and mulching conditions such as those described above, 
a mulch is much more effective than cultivation in causing nitrate accumula- 
tion. 
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INTRODUCTION 


In a previous paper (1) the author has discussed the results of the nitrifica- 
tion of mono-amino-mono-carboxylic acids and tryptophan in a particular soil. 
In this paper an attempt is made to show the nitrifiability of the amino acids 
of the remaining series, that is, mono-amino-dicarboxylic acids, di-amino- 
mono-carboxylic acids and hetero-cyclic ones along with other organic com- 
pounds of nitrogen in the same medium. 


EXPERIMENTAL 


The following compounds were used in these series of experiments: Nicotine, 
brucine, aspartic acid, asparagine, uric acid, hippuric acid, histidine dichloride, 
arginine, strychnine, glutamic acid hydrochloride, xanthine, and lysine. The 
first six were used in the first series of experiments and the remaining in the 
next. Ammonium sulfate was also used in both series along with the control. 
As most of these substances were not near at hand and had to be sent for from 
foreign countries, the amino acids belonging to the same series could not be 
tried together but were utilized when they were available. 

Before they were used their purity was determined by estimating their total 
nitrogen by the Kjeldahl method. During the estimation of nitrogen some 
difficulty was encountered. As usual, each of the compounds was first digested 
for three hours with the sulfuric acid and sulfates of potassium and copper and 
then distilled with NaOH solution into 0.1N sulfuric acid. The compounds 
having chain formulas only, gave results similar to the theoretical quantities; 
but the nitrogen in the ring compounds resisted the action of the strong acid 
and allowed itself to be acted upon only partially, giving low results. Then 
the modified Kjeldahl method with mercuric oxide (4) was tried. The figures 
obtained were similarly low. After this the hours of digestion by the Kjel- 
dahl method were gradually prolonged up to 24. The results given in table 1, 
show that by prolonging the hours of digestion, nearly all the ring nitrogen can 
be converted into ammonium salts. 


1 The author takes this opportunity of expressing his thanks to Mr. G. Clarke, Director of 
Agriculture, United Provinces, for his valuable suggestions, and to Messrs. G. R. Saksena, 
and L. S. Nigam for rendering help in laboratory work. 
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The quantities of nitrogen found in the compounds used, together with those 
calculated from the formulas, are given in table2. A 


TABLE 1 


ll the calculations in these 


Quantities of nitrogen determined by the Kjeldahl method after different hours of digestion 


| NITROGEN BY 


s ex By | _.NITROGEN | ROGEN E 
NAME OF AMINO ACID Bharati | “ea” | BY p> roa Ss | oun aaranies 
hours per cent per cent per cent 
( 3 18.42 16.94 15.59 
1. Histidine dichloride.........< 15 17.69 
24 | 18.01 
3 36.84 Soon 
2. Xanthine...... 13 35.42 27.86 
24 36.22 
3 17.28 16.85 13.47 
eS a 13 16.24 
4 17.03 
3 7.11 7.00 
a a le 13 6.52 5.60 
24 7.05 
5. Uric acid 3 33.33 31.83 28.35 
3 MMR vec cae peccueah eons 24 33.64 
TABLE 2 
Results of nitrogen determinations 
' : P = _ N OGEN BY | NITROGEN ; 
NUMBER NAME OF COMPOUND grersonnby ‘ BY aoe Ss 
per cent per cent 
1 Ammonium sulfate 2124 21.16 
2 Arginine 29.17 | 28.78 
3 Asparagine 2121 | 20.53 
+ Aspartic acid 10.53 10.39 
5 Brucine Cf | 7.05 
6 Glutamic acid hydrochloride 144 7.56 
7 Hippuric acid 7.82 1.30 
8 Histidine dichloride 18.42 18.01 
9 Lysine S| ar Pre 
10 Nicotine 17.28 17.03 
11 Strychnine 8.38 8.14 
12 Uric acid 33.35 33.04 
13 Xanthine 36.84 36.22 


experiments are based upon the actual quantities of nitrogen found and not upon 
the theoretical ones as in the previous paper (1). 


The lysine was prepared 
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in the form of a solution from lysine picrate (3) and the lysine content of the 
solution was determined by estimating its nitrogen by the Kjeldahl method. 

The soil used in this work was the same as that employed in the previous 
experiments, because a very large sample of the surface soil from a plot of the 
estate of the Agricultural College, Cawnpur, was secured in the very beginning 
of the experiments, so that the whole of the work could be done in the same 
medium and to avoid a change in the soil conditions. The soil was a light 
loam and its chemical and mechanical compositions and its pH value were 
described in the first paper (1). 

For a description of the background and methods of the experiments here 
reported, the reader is referred to the preceding work (1). The solutions of 
each compound containing nearly 15 mgm. of nitrogen were used after neutrali- 
zation with an acid or alkaline solution as the case was. At the end of each 
incubation period instead of the whole of the soil being transferred from the 
jar on to the Buchner filter for leaching out nitrate content as before, 10 gm. 
of it was weighed out from the jar for a study of the variations of pH values 
and the rest was utilized on the Buchner filter for the estimation of nitric 
nitrogen. The nitrates were always calculated back to the original 100 gm. 
of the soil used, and recorded as milligrams of nitric nitrogen. 


DISCUSSION OF RESULTS 


The results of the first series of experiments are given in table 3 and those 
of the second in table 4. In the previous paper the nitrifiability of mono-amino- 
mono-carboxylic acids and that of tryptophan was discussed. The results 
showed that, leaving aside special cases, the acids belonging to the mono- 
amino-mono-carboxylic acid series were nitrified at about the same rate. Now 
the nitrifiability of the amino acids of the remaining series and that of other 
nitrogenous organic compounds mostly found in the soil (6,7,8) is to be 
considered. 

After the first series of mono-amino-mono-carboxylic acids comes the series 
of mono-amino-dicarboxylic acids. Of the latter two acids, aspartic and 
glutamic acids with formulas HOOC-CH:-CH-NH2:COOH and HOOC:CH::- 
CH2:CH-NH2:COOH respectively, were used in these investigations. The 
results of the nitrification of aspartic acid are given in table 3 and that of glu- 
tamic acid in table 4. For the sake of comparison it would have been better 
had both the acids been nitrified simultaneously, but as stated before they were 
used in separate series on account of their arrival at different times. Their 
figures of nitrification show that after the incubation period of 30 days the 
maximum and the minimum limits of nitrification of both acids are the same, 
that is, about 57 and 43 per cent. During the 40 days’ incubation the figures 
of glutamic acid have always remained between the above limits, but those of 
aspartic acid have exceeded the above maximum. 

A comparison of the nitrifiability of mono-amino-mono-carboxylic acids with 
that of mono-amino-dicarboxylic acids shows that the members of the mono- 
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amino-dicarboxylic acid series are slightly more nitrifiable than those of the 
mono-amino-mono-carboxylic acid series; because the figures obtained from the 
latter series were generally below 50 per cent, whereas those obtained from the 
former were in a majority of cases over 50 per cent. 

In the investigations of the third series of amino acids containing di- 
amino-mono-carboxylic acids, which are also called hexone bases, arginine 

: / NHe 
sei -CH,-CH2-CH(NH:)-COOH-H,0 and lysine H.N-CH:-- 

t 2*Ciis-Cris Nie 2 ) 2 2 
CH:-CH2:CH2-CH(NH2)-COOH wereused. The nitrification of arginine differs 
a great deal from that of lysine. The former gave figures mostly above 69 per 
cent and never below 54; whereas the latter only once reached above 60 and 
had also shown figures below 50 per cent. This shows that there is a greater 
accumulation of nitric nitrogen from arginine than from lysine. It is probably 
due to the presence of guanidine group in arginine, which is readily saponifiable 
to ammonia and carbon dioxide and thereby brings about a rapid accumulation 
of nitrates. 

To compare the nitrifiability of di-amino-mono-carboxylic acids with that 
of mono-amino dicarboxylic acids, the figures obtained undoubtedly show that 
arginine is superior to aspartic and glutamic acids in nitrifiability. In the case 
of lysine, the formation of nitric nitrogen has fluctuated between 63 and 45 
per cent and in that of mono amino-dicarboxylic acids, between 63 and 43 per 
cent. Though the maximum is the same in both cases yet the minimum of 
lysine indicates that it is a little better nitrifiable substance than the mono- 
amino-dicarboxylic acids. The data, therefore, give indications of the superi- 
ority of diamino-mono-carboxylic acids to mono-amino-dicarboxylic acids and 
mono-carboxylic acids in nitrifiability in the soil. 

The fourth series of amino acids consists of heterocyclic ones, of which tryp- 
tophan was used in the previous experiments and histidine in the present. In 
the majority of determinations the percentage of nitrogen nitrified in both the 
cases has ranged between 59 and 6’), histidine crossing once the maximum and 
tryptophan once the minimum. Thus there appears a similarity in the nitri- 
fication of the two compounds, though it seems possible for histidine to show 
at times better nitrifiability than tryptophan. 

In the former paper (1) while studying the nitrifiability of tryptophan and 
mono-amino-mono-carboxylic acids it was remarked that the compound 
containing both ring and chain nitrogen has better nitrification value than the 
compounds having chain nitrogen only. This remark appears to hold good 
when the comparison is made only between heterocyclic compounds and mono- 
amino-mono-carboxylic acids; because it is seen from the figures given in table 
4 that the nitrification values of the compounds like lysine and arginine, which 
also have only chain nitrogen, are not in any way inferior to those of tryptophan 
and histidine having both chain and ring nitrogen. 

Although the comparative availability of the members of different series of 
amino acids has been judged, it can best be done when the average of the figures 
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obtained for each are taken into consideration. This will be taken up later 
after the results of the nitrification of the following other nitrogenous com- 
pounds used in these investigations are discussed: asparagine, hippuric acid, 
uric acid, nicotine, brucine, strychnine, and xanthine. 

Asparagine is the monoamide of aspartic acid with the formula 
(CHIN Oe ee 

CO-NH2. On account of its being available in very small 
quantity it was tried only twice and not four times as in the case of other com- 
pounds. Its quantity being exhausted and to fill up the gap in the series, uric 
acid was used in its place, the results of which will be discussed with those of 
xanthine. The nitrifiability of asparagine has varied from 57 to 58 per cent 
during the incubation of 30 days, and, from 47 to 66 per cent during that of 
49 days, but the average of the two incubations comes to about 58 and 57 per 
cent respectively. It is interesting to note here that asparagine has shown 
better nitrifiability than aspartic acid. This is probably due to the presence 
of an amide group in the substance. 

Hippuric acid is benzoyl glycine with the formula CsH;CO: NHCH:: COOH 
and therefore is a derivative of the mono-amino-mono-carboxylic acid series. 
Generally the nitrification of hippuric acid is lower than that of any compound 
thus far considered in this paper but it appears very similar to that of mono- 
amino-mono-carboxylic acids as can be judged from the figures obtained from 
them. 

Strychnine 


CH CH, CH 
. i 
ce EN Sen 
CH OC Cc CH CH, 
‘or or ee ue 
CH N Cc CH CH 


[ie ae 


co oN CH CH, 
oe ae 


CH, CHOH 


and brucine 


C-OCH; CH, CH 
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are the derivatives of quinoline. The fact that both of them are highly toxic 
must have produced in the very beginning some fatal effect upon the micro- 
organisms of the soil and therefore not only have shown least nitrification 
values but have also given negative results. Brucine is much less toxic than 
strychnine and has consequently almost always given positive results; whereas 
strychnine has for the greatest part given negative results during the incubation 
of 30 days and positive during that of 40 days, but far less than those of brucine. 
Further, if the figures obtained for both these poisonous compounds during the 
different periods of incubation are followed, it is noticeable that when the 
compounds are mixed with the soil their toxicity gradually decreases andis com- 
pletely destroyed if kept there for a sufficient length of time; because both of 
them have mostly given positive results and sometimes increased production 
of nitric nitrogen during the incubation period of 40 days. From this it is 
to be inferred that the toxic effect of such poisonous compounds in the soil is 
only a temporary one and that the phenomenon of nitrification again makes 
its appearance when the toxic effect is removed. This may possibly be due 
to the very gradual decomposition or transformation of these poisonous com- 
pounds into harmless ones. 
Of the remaining compounds used, xanthine 


HN—-CO 
| | 
CO C—NH 
| i New 
| 1] WA 
HN—C—N 
and uric acid 
HN—C—NH 
Sco 
V4 
OC C—NH 
| 
HN—CO 


belong to the group called purine derivatives. The nitrifiability of xanthine 

has varied from 53 to 64 per cent, and that of uric acid from 58 to 66 per cent. 

Both of them have shown better nitrification values than any of the com- 

pounds hitherto considered except arginine. This may probably be due to 

their being more easily decomposed into urea, ammonia, and other products. 
The case of nicotine 


H 
" CH,—CH, 
AN 
HC C—CH 
H( CH N—CH, 
T | 


NITRIFICATION IN SOILS: II 195 


isa peculiar one. Though it is highly toxic and poisonous like strychnine and 
brucine, still it has shown the greatest nitrifiability, excelling all the other 
compounds used in these investigations and approaching very near to ammo- 
nium sulfate. The nitrification of its nitrogen has fluctuated from 52 to 79 per 
cent. This may be due to some of the special properties and the composition 
of the compound. Because nicotine is most readily oxidized and on account 
of the presence in its molecule of the pyrolidine group, which is not so stable 
as the six atom ring, it is very likely that it undergoes decomposition and 
oxidation very easily in the soil, producing ammonia and carbon dioxide. 

Now turning to ammonium sulfate it appears from the data given in this as 
well as in the previous paper (1) that none of the nitrogenous organic com- 
pounds can compete with it in nitrifiability simply because the nitrogen of 
ammonia is directly nitrified, whereas the organic nitrogen has first to pass 
through the decomposition process to be converted into ammonia and then 
into nitrate. 

In the previous paper (1) the comparison of the nitrifiability of the ring and 
the chain nitrogen atoms was postponed until furthur data on the point were 
collected. In order to do this it seemed essential to take into account on the 
one hand, compounds haviag ring nitrogen and on the other compounds having 
only chain nitrogen but both containing the same number of N atoms. Thus 
out of the substances used in the experiments the compounds lysine (CsHis 
N2O2) and asparagine (CyHsN2O;) of the chain formula and, tryptophan 
(CuHyN202), nicotine (CioHisNe), brucine (C2sHxsN20;) and _ strychnine 
(C2: H22N20z) of the ring formula contain two atoms of nitrogen. The average 
percentage of the nitrogen nitrified in each case is thus: lysine 52.77, aspara- 
gine 57.58, nicotine 65.78, brucine 6.38, strychnine 3.03 and tryptophan 51.99. 
Of the four compounds of the ring formula, three have shown less nitrification 
than the two compounds of the chain formula. Thus in the majority of cases 
the compounds containing ring nitrogen have produced less nitrate than those 
containing the chain nitrogen. Again, leaving aside the special cases of 
nicotine, brucine, and strychnine, the figures of the remaining compounds show 
that there is a depression of nitrification, though slight in the case of 
tryptophan. 

Further the compounds, arginine (CsHi,N,O2) of the chain formula and uric 
acid (C;H4N,O;) and xanthine (C;H,N,O2) of the ring formula, contain four 
atoms of nitrogen. The average nitrifiability of their nitrogen is thus: 
arginine 62.16, uric acid 61.52, and xanthine 58.17. These results also indicate 
that there is less production of nitric acid from the ring nitrogen than from the 
chain one. 

Thus it appears that the ring nitrogen is not only slowly and difficultly acted 
upon by strong acids as pointed out before when determining total nitrogen 
by the Kjeldahl method but also resists the action of the microdrganisms of 
the soil to a greater extent than the chain nitrogen. 

From the discussion of the results it is observed that the nitrification of pure 
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nitrogenous organic compounds is in some measure correlated to their com- 
positions and properties. This becomes clearer if the compounds used and 
their average nitrifiability are considered according to their chemical clas- 
sification as given in table 5. The average is calculated from all the figures 
obtained for each compound. The negative results are eliminated from the 
averages and are interpreted merely as representing the absence of nitrification. 
The maximum and the minimum represent the greatest and the least average 
percentage of nitrogen nitrified of any two compounds belonging to the same 
series. 
TABLE 5 


The maximum and the minimum of the average percentage of nitrogen nitrified of any two 
compounds in each group 


NITROGEN NITROGEN 
wowmee) aur or crore sumcoe | secure | satan, | rte 
MAXIMUM MINIMUM 
per cent | percent 
1 Mono-amino-mono-car- Phenylalanine! 47.08 | Tyrosine* | 36.67 
boxylic acid series ‘ 
2 Mono-amino-dicarboxylic Aspartic acid 53.41 | Glutamicacid | 50.45 
acid series | hydro- 
chloride 
3 Diamino-mono-carboxylic | Arginine 62.16 | Lysine 2.04 
acid series | 
S Heterocyclic amino acid | Histidine 55.69 | Tryptophan 51.99 
series dichloride | 
S Purine derivatives Uric acid | 61.52 | Xanthine 58.42 
6 Quinoline derivatives Brucine 6.38 | Strychnine | 3.03 
7 Pyridine derivatives Nicotine O9:98- 41 exccdesas ore 


* The average figures of tyrosine are lower in the above table than those of table 7 of the previous 
paper (1) on account of a miscount at that time in calculating the average, not from eight figures as 
usual, but from only four figures of the 30 days’ period. Accordingly the graded list of various 
amino-acids made out of preceding investigations requires slight alteration, the tyrosine is to be 
placed last and not last but one. 


Thus it becomes evident from the maximum as well as from the minimum 
columns that quinoline derivatives are the least nitrified and the next are the 
mono-amino-mono-carboxylic acids. The mono-amino-dicarboxylic acids 
have shown better nitrification values than the above two classes of compounds. 
The diamino-mono-carboxylic acids have given still higher results, higher even 
than heterocyclic amino acids, which are only slightly better than the dicar- 
boxylic acids. Leaving aside the special case of nicotine, which is a pyridine 
derivative and which has given the highest figures, the purine derivatives have 
also proved themselves to be the most readily nitrifiable substances, standing 
third in the maximum and first in the minimum. Thus there is marked 
difference among the nitrification values of each class of compounds, which is 
probably due to the difference in their composition and properties. Therefore 
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the formation and accumulation of nitrates in the soil depends largely upon the 


nature of organic matter present or added therein. 


TABLE 6 


The percentage of nitrogen in the molecule of the compound and the average figures of 


nitrogen nitrified 


| 
NAME OF COMPOUND | 


NITROGEN By | 


NITROGEN 


| FORMULA | NITRIFIED 

per cent per cent 
ROTI MILER os oars asa tcvsta tress naeaele 4 ieee wie meee ieee 36.84 58.17 
HORM OU cases coi Sissi Sine sowed Wie aw OR wie ate eats aie 33.53 61.52 
ATTEMPT AC OC RUST REDE SRN PRE POR 29.17 62.16 
PSPOTA DINOS cep ere civalee ire wiles wloeietee Cai Sea CONS 2121 37.58 
MERRIE 5s aR erste eta te rover eave ale fs ofoieta -a\eiloravesa eyeve eras unstainteteteiniaiels 19.18 S240 
DERI ETS EUVCae ESL 0c (ae 18.42 55.69 
PACH MUNIAEG eary 705054 fa tevevsiesure eo aly: ole: che ae piste do istarero nleeneieress 17.28 65.78 
PS BRUAC LAG. ore 510) 50.615 sais eossieiow N sive Cea wise wale eae 10.53 53.41 
SIA POREINE isco ssa a nieeGais oai0is ssa we Avicawaseaahis 8.38 3.03 
Glutamic acid hydrochlonde. «...06:50i0sceicesce vee cass babs: 50.45 
ETRSS YPN CN sis ssis 555 6 vars) 6- 8g 6 515 cb io teta Ri elele Bia’w(ereie Sialeiels 7.82 41.42 
MASINI ycccicra sinc /tesceveloie aie sei etebos a ere ere eine pees 7.18 6.38 


TABLE 7 


Groups of compounds according to the percentage of nitrogen in their molecules and the average 
percentage of their nitrogen nitrified 


cxovr aneeNints | THON OF NITKOCES 
per cent percent 
Group I: 
BPRPEANN CRAEEN Og 5''e.ahs axe. 00 0 4 a sao ae 0 Siete wale shore masiorsiela Melee 36.84 
MMI IMIN ws sisi a toialleve seie eave iv otsdi> Sa wna. LS wel Se to 33.35 J 
ERS CO arte eer 29.17 ~— 
PRR AADC: carci \ayn lone sia Sa 6 oye Wiel se Siw e OATES 24 21 
Group IT: 
MEU EIVEO Noyce cee ts suciele sss SS We ia Io od Si STS LO ios 19.18 
PANGAN GLC NOTIOG So 0:5 6: is aio cis es ose 43 ole site sis 18.42 
MMM TRIN ix batts as Favs ais. oce ob oie SiS ne gies Te 17.28 siti 
PRBRTIUO RCIA <5.o's.014'v ois 210d. s Saeniele OA ea NEG eae Sees 10.53 
Group III: 
PON LG acts aig hqWs is sYaletare eh ceee eores aie rureere ih Opies 8.38 
RRO AC cot ee ecko sales is «oi ee esinee sone eat 7.82 25.32 
Glutamic acid hydrochloride............ccsceeeeeees Ve53 — 
PETAL G) wics isis sis a elem Wagers stasis sos aot as deeateeaen 7.18 


Waksman (9) when studying the influence of microdrganisms upon the 
carbon-nitrogen ratio in the soil, states that the amounts of nitrogen recovered 
as nitrates, were proportional to the percentage of nitrogen in the organic 
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substances added. The results expressed in table 6 add considerable support 
The irregularities can be minimized if the compounds 
mentioned in the table are divided into groups; the first group to contain com- 
pounds having from 36 to 20 per cent nitrogen in their molecules, the second 
from 20 to 10, and the third below 10 per cent. 

Thus table 7 clearly shows that the quantities of nitrogen nitrified are toa 
certain extent directly proportional to the percentage of nitrogen in 


to the above statement. 


the substance. 


In the previous paper (1) while the relation between the nitrifiability and the 
nitrogen-carbon ratio was being considered it was remarked that the nitrogen- 
carbon ratio might be playing an important part in the nitrification of heterog- 
eneous complex organic nitrogenous substances but that the nitrification of 


Average results of nitrification and nitrogen-carbon ratio 
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TABLE 8 


NAME OF COMPOUNDS 


AVERAGE PROPOR- 
TION OF NITROGEN 


NITROGEN CARBON 


NITRIFIED a 
per cenit 
Nicotine. ... 65.78 1:4.28 
SS ee eer re 62.16 134.28 
Le ee ee re ae Armee ee pee 61.52 121.07 
RMN etek Abe fie on cot eu Seamer mee eek ee 58.17 1:1.07 
DMEM oor CLs ie hwcle ys ne cee aoe aa eee 57.58 Es pe | 
SUC MEMMNMIE, oi coos nas yeas: ceNen eee hehe 55.69 1:1.47 
PCM Se oh coe ee nee sper ieee baba seeee's 53.41 1:3.43 
SER Poel eset eei cee rcduae ones Sse me wesmaiss o2.97 1:2.57 
Glutamic acid hydrochloride... ....................2.- 50.45 1:4.28 
SNM INE tps -GuskosorSauss secre lena soe eades ees 41.42 I fee | 
SURMISE SSG coe Si rai ys eaeewieten ty cir obits amie 6.38 1:9.85 
DIRE ret cc. oe we eure seh oo ae ses ees os 3.03 1:9.00 


pure nitrogenous organic compounds appeared to be independent of the nitro- 
gen-carbon ratio. By the pure nitrogenous organic compounds were meant 
Among 


the mono-amino-mono-carboxylic acids so far used and tryptophan. 


them the greater availability of a compound of a narrower ratio over that of a 
Further studies, however, with other pure 
organic compounds of nitrogen having more complex formulas than the simpler 
mono-amnio-mono-carboxylic acids showed that except for a few irregularities, 
the results indicate a fairly close relation between the nitrification values and 


wider ratio was not so traceable. 


the nitrogen-carbon ratios of the compounds as can be seen from table 8. 


From table 8 it is clear that compounds having narrower nitrogen-carbon 
ratios are, in general, more readily nitrifiable than those of wider ratios. 


opinion of Lipman, Brown, and Owen (5) that the substances with narrower 
nitrogen-carbon ratios are nitrified not only more rapidly but also more thor- 
oughly is thus supported by these results. 


The 
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From the average of the figures obtained for each compound a graded list 
of various substances used in these experiments can be prepared on the basis 
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Fic. 1. RELATIVE NITROGEN AVAILABILITY OF SUBSTANCES USED IN EXPERIMENTS 


TABLE 9 


Fluctuations of the nitric nitrogen content in the soil of the control jars during different months 


of the year 


| NITRIC NITROGEN IN 
| 100 GM. AIR-DRIED SOIL— 


NITRIC NITROGEN IN 
100 GM. AIR-DRIED SOJL— 


| 
DATE | 30 DAYS INCUBATION | DATS 40 DAYS INCUBATION 

PERIOD | PERIOD 

mgm. | mgm. 
3/18/25 5.34 3/28/25 6.06 
5/ 8/25 7.54 5/17/25 9.56 
6/23/25 6.51 7/ 3/25 6.58 
8/19/25 5.96 8/29/25 6.85 
11/18/25 6.43 11/18/25 6.69 
11/25/25 5.80 12/ 5/25 5.67 
12/14/25 S13 12/24/25 5.33 
2/27/26 6.32 3/ 7/26 5.78 


of their relative availability and is represented diagramatically in figure 1, the 
availability of ammonium sulfate being taken as 100. 
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TABLE 10 


Results of hydrogen-ion determinations 
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In the preceding paper (1) an attempt was made to study the seasonal 
variations of nitrates in the soil during the twelve months of the year. In 
the present investigations, although no separate experiments were carried out 
for the purpose, much information can be gained on the point from the nitrate 
contents of the control jars of the experiments. The results, given in table 9, 
are very similar to and therefore confirm the previous observations, which can 
be seen from the curves given in figures 2 and 3. 

From the amounts of nitric nitrogen found in the control jars it can also be 
observed that the bacterial activity has not in any way decreased in the soil 
even when kept in storage for more than two years. 

The hydrogen-ion determinations were made by the colorimetric method (2) 
using Sorenson’s standards. The results obtained are given in table 10, from 
which it becomes apparent that there has been very little change in the pH 
values of the soil when treated with different kinds of organic compounds 
containing about 15 mgm. of nitrogen and incubated for either 30 or 40 days. 
The average figures of 30 days’ incubation are almost identical with those of 
40 days. The average of the various samples also agree very closely. 

There is on the other hand a very little difference between the pH values of 
the control jars and those of others to which organic compounds were added. 
The latter have in general shown slightly higher pH values than the former; 
even the jars containing strychnine, where there was no nitrification, showed 
higher pH values. 


SUMMARY 


From these experiments of nitrification with pure nitrogenous organic com- 
pounds the following conclusions may be drawn: 


1. A small portion of nitrogen from the ring compounds escapes determination after 3 
hours of digestion with strong sulfuric acid. Prolonged digestion up to 24 hours con- 
verted nearly all the ring nitrogen into ammonium salts. 

2. The members of the mono-amino-dicarboxylic acid series are slightly more nitrifiable 
than those of the mono-amino-mono-carboxylic acid series. 

3. There is greater accumulation of nitric nitrogen from arginine than from lysine. 

4, The data indicate the superiority of diamino-mono-carboxylic acids to mono-amino- 
dicarboxylic and mono-carboxylic acids as regards nitrifiability in the soil. They have also 
given higher results than those given by heterocyclic amino acids, which are only slightly 
better than the dicarboxylic acids. 

5. Asparagine has shown better nitrifiability than aspartic acid. 

6. The general trend of the nitrification of hippuric acid appears very similar to that of 
mono-amino-mono-carboxylic acids. 

7. Brucine and strychnine have not only shown least nitrification values but have also 
given negative results. But the toxic effect of these poisonous compounds in the soil is only 
temporary and when they are removed the phenomenon of nitrification again takes places. 

8. Xanthine and uric acid are proved to be the most readily nitrifiable organic compounds 
so far used except nicotine and arginine. 

9. None of the nitrogenous organic compounds could compete with ammonium sulfate in 
nitrifiability. 


q 
i" 
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10. It appears that the ring nitrogen is not only slowly and difficultly acted upon by strong 
acids used in the determination of total nitrogen by the Kjeldahl method, but also resists 
the action of the microdrganisms of the soil to a greater extent than the chain nitrogen. 

11. The nitrification of pure nitrogenous organic compounds is in some measure corre- 
lated to their composition and properties. 

12. The compounds containing a larger percentage of nitrogen in their molecules produce 
larger amounts of nitrates, whereas compounds having a smaller percentage of nitrogen give 
rise to relatively smaller amounts of nitrates. 

13. Organic compounds of nitrogen having more complex formulas than the simpler mono- 
amino-mono-carboxylic acids indicate a fairly close relationship between the nitrification 
values and the nitrogen-carbon ratios. 

14. The bacterial activity has not in any way decreased in the soil even when kept in 
storage for more than two years. 

15. The soil containing additional nitrogenous organic compounds shows slightly higher 
pH values than the soil without them. 
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For several years there has been widespread interest in the aluminum con- 
tent of the soil as it relates to soil acidity and crop injury. The presence in 
the soil of soluble aluminum compounds has generally been attributed to an 
acid condition of the soil. This has led to much discussion as to the origin of 
soil acids. 

It is not the purpose of this paper to discuss this phase of the problem, but 
rather to consider the relationship which exists between acid soils and the 
presence of so-called active aluminum (3). 

As excellent reviews and bibliographies have recently been published (4, 5, 
7, 8), a full list of references need not be given here. In an earlier paper (1) 
it was pointed out that soil from an unlimed acid plot to which ammonium sul- 
fate had been added annually for a period of years contained much more water- 
soluble aluminum than was found in a soil on a corresponding limed plot. It 
was further pointed out that crops on this land were a failure although com- 
mercial fertilizers were used in liberal amounts. This work led the authors to 
suspect that with the addition of increasing amounts of ammonium sulfate to 
a soil that was about neutral or slightly acid, there should be found, after a 
lapse of some time, increasing amounts of active aluminum in the soil. Con- 
versely it was reasoned that with the addition of increasing amounts of basic 
material like ground limestone, to a strongly acid soil, there might be a gradual 
decrease in the amount of active aluminum. 

In order that this question might be put to a test, two series of pot experi- 
ments were planned. The first provided for a normal soil to which increasing 
amounts of acid substances or acid-forming substances should be added, and 
the second provided for a strongly acid soil to which increasing amounts of 
basic materials or acid phosphate should be added. 


SERIES 1. ACID MATERIALS 


Soil 1 was a Sassafras loam having a pH value of 6.28 and an active alu- 
minum content of 106 p.p.m. On December 8, 1925, 33 pounds of this soil 
was placed in each of a series of pots with special treatment as indicated in 


1 That soluble in 0.5 N acetic acid (3). 
Paper No. 336 of the Journal Series, New Jersey Agricultural Experiment Stations, De- 
partment of Soil Chemistry and Bacteriology. 
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table 1. The soil was kept under greenhouse conditions and water was added 
from time to time so that it was kept at about the optimum moisture condition. 
To one series of pots ammonium sulfate was added, to another inoculated 
sulfur and to another sulfuric acid. Determinations of pH values and active 
aluminum were made on samples taken from these pots on January 8, February 
8, and April 8, 1926. 

Ammonium sulfate. An examination of the table shows that up to April 8 
the ammonium sulfate, with slight exception, had not greatly changed the pH 


TABLE 1 
Influence of soil reaction on pH values and active aluminum—I. Normal loam soil, pH 6.28 


| | | | 
| | savers | semmcanys “Sea 8 
| 
suse | SPECIAL TREATMENT P | Active : Active ‘ Active 
| i) ae) es 
| | 
| p.p.m. p.p.m,. p.p.m. 
1 | Nothing | 6.06 106 | 6.00 111.0 | 5.92 116 
2 2.5 gm. (NH4)2SO4 | 5.89 193 | 5.53 142.3 | 5.30 140 
S: g 5.0 gm. (NH4)2SO,4 5.94 208 | 5.69 159.0 | 5.47 167 
4 | 10.0 gm. (NH4)2SO4 5.95 232: | 5:79 196.0 | 5.74 194 
5 20.0 gm. (NH4)2SO, 5.93 281 | 5.99 246.0 | 5.93 239 
6 40.0 gm. (NH4)2SO, 5.93 286 | 5.79 252.0 | 5.94 304 
| 
7 | Nothing 6.06 106 | 5.84 105.0 | 5.94 109 
8g | 1 gm. inoculated S 5.49 131 | 5.06 147.0 | 4.64 184 
9 | 2 gm. inoculated S 5.24 134 | 4.09 229.0 | 3.98 347 
10 | 4 gm. inoculated S | 4.52 135 | 3.49 403.0 | 3.51 967 
11 8 gm. inoculated S 4.29 134 | 3.23 928.0 | 3.15 | 1,278 
12 | 16 gm. inoculated S 4.20 201 | 3.00 776.0 | 2.62 | 3,606 
i3 ji Nothing 6.06 106 | 5.71 104.0 | 5.83 112 
14 5 cc. 1-5 H,SO, | 4.87 147 | 4.60 275.0 | 4.92 209 
3s | 10 cc. 1-5 H,SO, 14.21 | 429 | 4.15 30630 194526 4) 63. 
16 20 cc. 1-5 H2SO, | 3.43 717 | 3.76 | 1,028.0 | 3.72 850 
17 40 cc. 1-5 H,SO, | 3.14 | 1,803 | 3.21 2,401.0 | 3.35 | 2,159 
18 80 cc. 1-5 H2SO, 2.47 | 4,614 | 2.58 | 4,660.0 | 2.84 | 4,245 


value of the soil. On the other hand determinations made January 8 show a 
gradual increase in active aluminum from the check pot to the one that re- 
ceived 40 gm. of ammonium sulfate. The same is true of the results secured on 
the samples for February 8, though the values are for the most part smaller than 
those for January 8. The results for the final determination—April 8—four 
months from the beginning of the experiment, are in rather close agreement 
with those for February 8. Thus it would appear that the greatest changes 
took place during the first month. 

Inoculated sulfur. By referring to the determinations made January 8, it 
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will be noted that as the amount of sulfur was increased the pH values de- 
creased from 6.06 for the check to 4.2 with the highest amount of sulfur. 
Determinations made on the samples for February 8 and April 8 show still 
further decreases in pH values, the lowest pH, 2.62, being noted with the 
sample for April 8 where the application of sulfur was largest. 

At the end of the first month not enough of the sulfur had been oxidized to 
influence greatly the amount of active aluminum, except in the case of the 
largest application. The figures for February 8 show a decided increase in the 
amount of active aluminum for the larger applications of sulfur. Two months 
later—April 8—still larger amounts of active aluminum were found where the 
sulfur was used, the highest amount being over 3600 p.p.m. with the largest 
application of sulfur. The increases, however, are not always directly pro- 
portional to the amount of sulfur used. 

Sulfuric acid. By the end of the first month the sulfuric acid treatment 
had materially lowered the pH values, the largest amount used resulting in a 
pH of 2.47 as against 6.06 for the check. Likewise, determinations made on 
February 8 and April 8 show a gradual decrease in pH values with increase in 
amount of sulfuric acid, but with slight exception these figures are not essen- 
tially different from the figures of January 8. In this case also there is a very 
great increase in the amount of active aluminum with larger applications of 
sulfuric acid. In most cases the figures for the samples of February 8 are 
somewhat higher than those for the samples of January 8, but the increases 
from February 8 to April 8 are not especially significant. It would thus appear 
that with the sulfuric acid the most important changes took place within one 
month. 

The criticism has been made that determinations of active aluminum mean 
very little, since such aluminum is not necessarily water-soluble. It would 
seem, however, that such determinations do have a value in that they indicate 
the soils that have aluminum in a form that may easily become water-soluble, 
or at least may become toxic to plants. The results reported indicate that an 
increase in acidity is followed by an increase in the amount of active aluminum, 
and with increase of active aluminum there is at least danger of toxicity. 
Whether such toxic compounds are in the form of soluble salts, or whether 
they exist as colloids is another question. 


SERIES 2, INFLUENCE OF BASIC MATERIALS AND ACID PHOSPHATE 


For the purpose of determining the effect of basic materials on active alu- 
minum, a silt loam was chosen that was strongly acid and was known to 
contain more than the usual amount of active aluminum (pH 4.07, active 
aluminum 781 p.p.m.). Three pounds of this soil was placed in each of a 
series of pots as in the previous experiment and was treated with increasing 
amounts of limestone, basic slag, and acid phosphate as indicated in table 2. 
The experiment was set up December 8, 1925, and samples were collected for 
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the determination of pH values and active aluminum on January 8, February 
8, and April 8, 1926. 

Limestone. With the limestone treatment the pH values gradually rose 
until with 80 gm. of limestone to the pot it had reached 7.78 in one month. 
At the end of the fourth month the pH was 7.83. 

With slight exception the active aluminum decreased gradually as the 
amount of limestone was increased. At the end of the first and second months 
the amount of active aluminum found was somewhat less with 40 than with 80 


TABLE 2 
The influence of reaction on pH values and active aluminum—II. Loam soil highly acid, pH 4.07 


| SAMPLED SAMPLED SAMPLED 
| JANUARY 8 FEBRUARY 8 APRIL 8 

nenean ee Active Active Active 
at. 4b oie 

AlOs AloOs AlOs 

p.p.m. p.p.m. p.p.m. 

19 Nothing 4.16 795 | 4.09 799 | 4.02 925 
20 | 5 gm. limestone 5.47 569 | 5.72 593 | 5.69 657 
21} 10 gm. limestone 6.77 469 | 6.64 445 | 6.66 433 
22 20 gm. limestone 7.45 380 | 7.39 693 | 7.44 338 
23 40 gm. limestone 7.70 371 | 7.49 305 | 7.69 307 
24 80 gm. limestone 7.78 419 | 7.64 335 | 7.83 283 
25 Nothing 4.16 795 | 4.03 861 | 4.15 932 
26 5 gm. basic slag 5.41 445 | 5.36 480 | 5.42 420 
27 10 gm. basic slag 5.94 297 | 5.97 295 | 6.05 239 
28 20 gm. basic slag 6.84 194 | 6.65 177 | 6.89 132 
29 40 gm. basic slag 7.58 142 | 7.45 89 | 7.52 82 
30 | 80 gm. basic slag 8.21 | 169 | 7.95 | 216 | 8.05 70 
31 Nothing 4.16 795 | 3.98 832 | 4.11 839 
32 5 gm. acid phosphate 4.26 788 | 4.20 829 | 4.27 737 
a 10 gm. acid phosphate 4.26 638 | 4.26 729 =| 4.37 718 
34 CO 20 gm. acid phosphate 4.30 689 | 4.29 727°—«| 4.45 569 
35 40 gm. acid phosphate 4.40 655 | 4.44 701 | 4.50 633 
36 80 gm. acid phosphate | 4.57 447 | 4.51 491 | 4.75 398 


gm. of limestone. At the end of the fourth month the check pot showed 925 
p.p.m. of active aluminum and the pot with 80 gm. of limestone, 283 p.p.m. 

Basic slag. By using the same amounts of basic slage as of limestone the 
pH values were raised to a higher point than with the limestone, the maximum 
figures being 8.21 at the end of the first month, 7.95 at the end of the second 
month and 8.05 at the end of the fourth month. It is thus to be noted that 
there is little change in the pH values after the first month. 

Concurrently with the changes in the pH values with basic slag there was a 
decrease in active aluminum. From about 800 p.p.m. in the beginning it was 
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reduced to less than 100 p.p.m. at the end of four months. The samples for 
January 8 and February 8 show a higher content of active aluminum with 
80 gm. of basic slag than with 40 gm. This same effect is noted all the way 
through with the limestone. It is probable chat at the higher pH the aluminum 
again begins to go into solution. 

Acid phosphate. As the amount of acid phosphate was increased the soil 
was slightly reduced in acidity. On January 8 the soil from the check pot 
showed a pH of 4.16 and that from the pot that received 80 gm. of acid phos- 
phate, a pH of 4.57. The corresponding figures for the samples of February 8 
were 3.98 and 4.51 and for April 8 they were 4.11 and 4.75. This finding proves 
the falsity of the belief that the continued use of acid phosphate tends to make 
the soil acid. 

As the amount of acid phosphate used was increased the amount of active 
aluminum gradually decreased until with 80 gm. of acid phosphate to the pot 
it was brought to 447 p.p.m. on January 8, to 491 p.p.m. on February 8, and to 
398 p.p.m. on April 8. The soil in the check pot for this series showed close to 
800 p.p.m. active aluminum. 

After the completion of the analytical work, germination tests were made 
with barley in all the pots. Briefly it may be stated that for the ammonium 
sulfate, sulfur, and sulfuric acid pots, the germination was good to poor in the 
first three pots of each series, and a failure in the fourth, fifth, and sixth pot 
of each series. In those pots that received the basic materials and acid phos- 
phate, germination was fair to good in most cases. In a few cases it was re- 
ported very poor. 

It is probable that no definite statement can be made as to the amount of 
active aluminum that will prove toxic to plants. For example, a soil that is 
noticeably acid and contains considerable active aluminum may be brought 
to the neutral point very soon by the addition of lime, but it may be some time 
before equilibrium between the bases in the soil is established and the amount 
of active aluminum reduced to a low figure. Active aluminum in relatively 
large amounts under such temporary conditions would not necessarily function 
as a toxic agent, since the lime would precipitate the water-soluble portion as 
rapidly as it was formed. 


SERIES 3. NORMAL LOAM SOIL 


In another experiment several compounds of ammonia (used in equivalent 
amounts of NHs3) were added to 33 pounds of a Sassafras loam soil in each of a 
series of pots, two different amounts of compound being used in each case. 
The pots were allowed to stand in the greenhouse under optimum moisture 
and temperature conditions for about two months. Samples were then col- 
lected for pH and active aluminum determinations. The results of this work 
at the end of one month and again at the end of two months are shown in 
table 3. In the case of the sulfate, nitrate, and chloride the pH remained 
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about constant or was lowered slightly. In the case of the remaining com- 
pounds the pH was increased very distinctly as compared with the check, and 
without exception, the double portion of the ammonium salts increased the 
pH as compared with the single portion. 

In the majority of cases the large portion of ammonium salt gave more active 
aluminum than the small portion even though there was not a distinct increase 
in acidity. Out of seven cases there were three exceptions to this at the end of 
the first month and only one at the end of the second month. From this it 
would appear that increasing the amount of ammonium salt also increases the 


TABLE 3 
Influence of different ammonium compounds on soil reaction and active aluminum 
SAMPLED SAMPLED 
MARCH 2 MARCH 31 
sma SFBCIAL SEEADINE Active Active 
| 2) « i 
AlzOs Al203 
p.p.m. p.p.m. 
1 Check 6.01 | 115 | 5.94 | 105 
2 5 gm. ammonium sulfate, C.P. 5.93 | 161 | 5.82 | 138 
a 10 gm. ammonium sulfate, C.P. 5.99 | 185 | 5.82 | 186 
+ 6.05 gm. ammonium nitrate, C.P. 5.92 | 128 | 6.10 | 116 
5 12.10 gm. ammonium nitrate, C.P. 5.89 | 131 | 6.04 | 121 
6 4.04 gm. ammonium chloride 5.97 | 126 | 6.01 | 114 
7 8.09 gm. ammonium chloride 5.82 | 135 | 5.87 | 147 
8 | 3.33 gm. ammonium phosphate (NH4)2HPO, ~=—|:‘6.77 | 97 | 6.37} 95 
9 | 6.66 gm. ammonium phosphate (NH,4)2HPO, |} 7.48 | 85 | 7.24] 88 
10 | 4.32 gm. ammonium carbonate | 8.09} 85 | 6.53 | 94 
11 | 8.64 gm. ammonium carbonate 8.82 | 84 | 8.63 | 104 
12 | 5.38 gm. ammonium oxalate 8.19 | 111 | 6.64 | 109 
13 10.75 gm. ammonium oxalate 8.71 | 158 | 8.57 | 121 
14 | 5.83 gm. ammonium acetate 8.47 | 113 | 6.93 | 86 
15 | 11.66 gm. ammonium acetate 8.30 97 | 8.76 | 99 
16 | Check 6.38 | 106 | 6.01 | 85 


| | j 


amount of active aluminum in the soil. The tendency for ammonium salts 
to increase the amount of active aluminum in soils may be explained on the 
theory of replaceable ions. The ammonium ions no doubt replace hydrogen 
ions from the zeolitic portions of the soil complex, and these in turn may act 
on aluminum and iron compounds in the soil. 


SERIES 4. CYLINDER SOILS 


In connection with the foregoing work it seemed worthwhile to determine 
the pH values and the active aluminum in some cylinder soils which have been 
under definite fertilizer treatment for nearly 30 years (2) and some field soils 
which have been under treatment for nearly 20 years (6). The cylinder soil 
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is a Penn loam that has been receiving a definite fertilizer treatment annually 
since 1898. In this work one cylinder in each fertilizer series has been regularly 
limed at intervals of five years whereas the other cylinder of the series has been 
kept without lime. Cylinder 8 has received a complete fertilizer annually, the 
nitrogen being in the form of nitrate of soda; cylinder 17,a complete fertilizer, 
with nitrogen in the form of ammonium sulfate; and cylinder 19, a complete 
fertilizer, with nitrogen in the form of ammonium sulfate and with manure 
in addition. The results of the pH and active aluminum determinations 
made in 1925 are shown in table 4. 
TABLE 4 
Active aluminum and pH values for cylinder soils 


UNLIMED LIMED 
pena SPECIAL TREATMENT 
pH Al:O3 pH Al2Os 
p.p.m. p.p.m. 
8 Minerals + nitrate of soda 5.54 385 7.24 167 
17 Minerals + ammonium sulfate 4.42 439 6.59 296 
19 Minerals + manure + ammonium 
sulfate 4.81 439 6.33 325 


TABLE 5 
Active aluminum and pH values in soil from field plots 


UNLIMED LIMED 
Do SPECIAL TREATMENT 
pH Al:0s3 pH Al2Os 
pb. p.m. p.p.m. 
2 Muniate of potash 4.94 366 6.70 123 
7 No fertilizer 4.79 345 6.96 108 
9 Minerals + nitrate of soda 5.10 254 1204 128 
11 Minerals + ammonium sulfate 4.36 302 6.69 142 
15 Minerals + tankage 4.75 303 vf 113 
18 Minerals + manure + nitrate of 5.30 222 t.20 119 
soda 
19 Minerals only 4.97 303 7.15 145 


It is noteworthy that soils from the unlimed cylinders show a low pH with 
fairly high active aluminum, whereas those from the limed cylinders show a 
comparatively high pH and low active aluminum. It may be pointed out that 
the soil which has received the ammonium sulfate, both limed and unlimed 
cylinders, shows a lower pH and higher active aluminum than the soil that 
has received nitrate of soda. 


- 


SERIES ). FIELD SOILS 


The field soils are of the Sassafras loam type and have been under observa- 
tion and treatment since 1908. One section of plots has been limed at intervals 
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of five years and the other has been left without lime. With the exception of 
plots 2 and 7 all have received an application of acid phosphate and muriate 
of potash (minerals) each year. In addition to this, plots 9, 11, 15, and 18 have 
received a nitrogenous fertilizer as indicated in table 5, and plot 18 has re- 
ceived annual applications of manure at the rate of 16 tons to the acre in 
addition. The figures for the pH values and active aluminum are shown in 
table 5. 

Here as in the cylinder soils the unlimed soils show low pH values and high 
active aluminum, whereas with the limed soils the reverse is true. It is of 
interest to note that the ammonium sulfate plots (both limed and unlimed) 
show the lowest pH value for the respective series. The pH values for the 
unlimed series average slightly less than 5.00 whereas those for the limed series 
average a little more than 7.00. The active aluminum for the unlimed series 
averages more than 300 p.p.m. whereas for the limed series it is close to 125 


p.p.m. 
SUMMARY 


Enough work has been done to show that acids and acid-forming materials 
decrease the pH and increase the amount of active aluminum in the soil. 

Generally speaking, as the amount of these materials is increased there is an 
increase in active aluminum and decrease in pH, though in the case of the 
ammonium sulfate the decrease in pH was only slight. 

When basic materials and acid phosphate were applied there was a decrease 
in amount of active aluminum and an increase in pH. With increase in the 
amount of lime and basic slag the decrease in active aluminum was more rapid 
than when the amount of acid phosphate was increased. 

The results obtained in cylinder and field experiments where sulfate of 
ammonia has been used for a period of years confirm, in general, the results 
obtained in these pot experiments, though in the field and cylinder experiments 
no attempt was made to use different amounts of ammonium sulfate. 

There is indication that sulfate of ammonia, used in large amount, or in 
moderate amount over a period of years, tends to increase the amount of active 
aluminum in the soil. When used over a period of years, without lime, this 
salt materially increases the hydrogen-ion concentration. It is suggested that 
there is a connection between this increase in active aluminum and certain 
toxic conditions of the soil which are sometimes met with. 
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PLATE 1 
Bar Ley Grown on Sort DESCRIBED UNDER SERIES 2 (pH 4.07; AcTIVE ALUMINUM 781 P.P.M.) 


Check. 
2. 12.5 gm. acid phosphate. 
3. 25 gm. acid phosphate. 
4.125 gm. acid phosphate. 
5. 250 gm.acid phosphate. (Equivalent to approximately 55,000 pounds acid phos- 
phate to 2,000,000 pounds soil.) 
6. 25 gm. finely ground limestone. 
7. 25 gm. finely ground limestone and 125 gm. acid phosphate. 


PLATE 1 
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Shortly after the isolation of the root nodule bacteria of leguminosae it was 
recognized that not all legumes are inoculated by the same culture of the 
organism. At first little if any difference in physiological and cultural charac- 
teristics was noted between any of the cultures from different plants. After 
more careful study, however, it became apparent that they were not exactly 
alike. Several workers have reported differences in size, morphology, flagel- 
lation, gum production, cultural characteristics, and serological properties 
between the cultures from different plants. By the use of these characteristic 
differences, experienced workers have been able to place the various strains in 
groups corresponding with the cross-inoculation groups. 

Until recently it has been assumed that all the cultures inoculating any one 
legume are alike or at least very closely similar in regard to their morphological, 
cultural, and serological properties. Stevens (5) called attention to the fact 
that there are differences in cultural characteristics and serological properties 
between the cultures of any one cross-inoculation group. Wright (8) who 
worked with six strains of soybean bacteria? noted differences in the nitrogen- 
fixing power and was able to correlate these with the cultural and serological 
properties of the strains. Stevens was able to note similar differences in 
cultures of alfalfa bacteria, and to make similar correlations between nitrogen- 
fixing ability, cultural characteristics, and serological properties. 


FERMENTATION OF SUGARS 


Since the organisms show little ability to ferment sugars with the production 
of acid, few observations have been made on this character. 

Zipfel (9) described the formation of acid by the nodule organism from both 
glucose and lactose. He found that the reaction of a legume-extract, sugar 
medium containing litmus, is sufficiently changed by the growth of the organ- 
ism to cause it to become red. The type of organism used is not given. 


1 Published with the approval of the Director of the Wisconsin Agricultural Experiment 
Station. 

? For clarity of expression, the organisms will be referred to in this paper by the name of 
the legume species which they inoculate, i.e., the term “‘soybean bacteria” refers to the or- 
ganism which produces nodules on soybeans. 
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Fred (3) found that small amounts of acid were formed in both nitrogen- 
ous and non-nitrogenous liquid media from sucrose, maltose, and mannitol. 
Four strains of alfalfa bacteria and two strains of clover bacteria were tested 
and no significant differences were noted. |He found that from 0.2 cc. to 
4.5 cc. of 0.1 N acid was produced in 100 cc. of culture media after one month’s 
growth. The amount of acid was largely dependent on the medium used 
and was greater in the nitrogenous medium. 

Fred and Davenport (4) in a later paper, 1918, reported that the hydrogen- 
ion concentration of a non-nitrogenous sucrose liquid medium may be increased 
as much as pH 0.4 by the growth of the root nodule bacteria. Twenty-five 
different cultures, including members of the alfalfa, clover, pea, bean, soybean, 
cowpea, and lupine groups, were tested. 

Bialosuknia and Klott (2) and Bialosuknia (1) reported that there is a con- 
siderable variation in the degree of acidity formed by the different groups of the 
nodule bacteria and state that they believe it possible to classify these bacteria 
into groups by means of this character. No data are given to support these 
statements.? 

Stevens (6) found that both hydrogen-ion concentration and titratable 
acidity were increased in a peptone-sucrose broth by the alfalfa bacteria. 
Eight strains were used and considerable differences were noted in their ability 
to produce acid. 

Wright (8) in his study of the soybean bacteria, noted that these bacteria in 
sugar media of various kinds produce no increase in acidity. In many cases, 
there is a decrease in both hydrogen-ion concentration and total or titratable 
acidity. Litmus milk becomes strongly alkaline in reaction after 2 weeks 
incubation. Six strains of soybean bacteria were used and slight differences 
were noted in their behavior. 

Stevens (7) suggested the use of litmus milk in the study of the legume nodule 
bacteria. Thirty cultures were tested on litmus, brom-cresol-purple, and 
Janus green milk. Organisms from the alfalfa, clover, pea, bean, cowpea, and 
soybean groups were included in these studies. 

All the alfalfa cultures produced an acid reaction in litmus milk, whereas 
all of the other cultures either caused no change in reaction or produced an alka- 
line reaction. Differences were noted between the strains from any one cross- 
inoculation group, both with respect to the changing reaction and to the 
reduction of the dye. In milk, after 47 days incubation he found that one 
strain of alfalfa bacteria had changed the reaction from pH 6.55 to pH 5.18, 
and one strain of soybean bacteria had changed the reaction to pH 8.37. He 
states that acid production is much more rapid with freshly isolated strains. 
No indication is given as to whether this is a reflection of the rate of growth of 
the organism or whether it represents an actual change in its character. 


*In a perwnal communication from Dr. Bialosuknia he states that he has not been able to 
, 


this work any iurther. 


carry 
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The literature dealing with the change in reaction which occurs in sugar 
media on the growth of the root nodule bacteria indicates that such changes, 
although small, occur with practically all cross-inoculation groups of the 
organism. Also it is indicated that there are differences in this character be- 
tween the various cross-inoculation groups and also between the strains of 
each cross-inoculation group. 

The following tests on the fermentation characters of the root nodule organ- 
ism were carried out to determine the value of this character as an aid in the 
study of the organisms. 


EXPERIMENTAL WORK 


Sixty different cultures of the alfalfa, clover, pea, bean, cowpea, soybean, 
and dalea groups were used in these tests. All had been repeatedly tested for 
purity and for ability to produce nodules upon the corresponding legume. 
Included among these cultures are the ones which Stevens and Wright used in 
their studies on cultural characteristics, serological properties, and nitrogen- 
fixing ability. 

Since B. radiobacter is frequently found as a contaminant and is extremely 
difficult to separate from the nodule bacteria, cultures have been included in 
the studies. 

Three basic media, varying only with respect to nitrogen content, were used. 
One of these contained organic nitrogen, yeast infusion; one contained inorganic 
nitrogen, nitrate; and the third was nitrogen-free. 

The composition of the basic nitrogen-free medium follows: 


DLAML Pop Chast PUOSINOLE oii. <:6o5.c05s 3d owns ces aces sae eee ete eew ws 0.5 gm. 
UN aA RMRTIRE TR RANE MIE 5 Icey sao so anae Sw a a abandons 0.2 gm. 
PoMRRAIETA OMRON os eizcloia'a Jaca Sin ei kets ee Bae ia lis eS E a WG Heeb Wwe Ral 0.2 gm. 
RE RINE NOME MSTIRN IE fag ie gic oc. 6 Sis oie Sacre IRR Ces Min Dw Kida CENCE Mite 3.0 gm. 
1 US ARE CCR Ee PICS OPTI | SPECHT TLS OCC ATU RIOT RACH SO ETE aS Oar 15.0 gm. 
COUARASNS GRATION COMIDOUN 25 oi 2:0 ale a 'c:3:o sre.s swig s ocdiprae elec o/o-vinvelclaveverorecerelt 10.0 gm. 
ESAMNMAEONN MON as ho eaep ae lana eek Ae F ncecara ele aN Cease NING Uae we 1000 ce. 

Brom thymol blue, 0.5 per cent alcoholic solution..................005 5.0icc, 


The yeast medium contained 100 cc. per liter of yeast infusion’ and the 
nitrate medium contained 0.5 gm. of potassium nitrate in one liter. Calcium 
carbonate was omitted from the media to which organic acids were to be 
added. 

The ingredients for a medium, minus the organic carbon compound and 
indicator, were placed in a large flask and autoclaved for 15 minutes at 15 
pounds pressure. The mixture was then filtered through a thick layer of 
absorbent cotton and the sugar or organic acid salt and indicator added. The 
reaction was adjusted to pH 7.2 and the media tubed. The media were steri- 


‘Fresh, starch-free bakers’ yeast was made up to 10 per cent concentration with water and 
autoclaved until sterile. This was allowed to settle and the clear supernatant liquid used. 
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lized in the autoclave at 15 pounds pressure for 15 minutes and the tubes 
slanted. 

Inoculations were made with a platinum loop from fresh stock cultures. 

The cultures were incubated at 28°C. for 2 weeks and then held at room 
temperature for at least 2 weeks. No attempt was made to make definite 
hydrogen-ion concentration readings on the cultures. Instead, the reaction 
of the medium was recorded as strongly acid, mediumly acid, slightly acid, 
very slightly acid, slightly alkaline, mediumly or strongly alkaline. In all 
cases where the reaction was recorded as strongly or mediumly acid, there 
was a clearing of the media due to the decomposition of the calcium carbonate. 


FERMENTATION CHARACTERS OF THE ROOT NODULE BACTERIA IN 
NITRATE MEDIA 


Melezitose, raffinose, trehalose, melibiose, maltose, lactose, sucrose, mannose, 
galactose, glucose, fructose, a-methy]-glucoside, rhamnose, arabinose, xylose, 
amydgalin, salicin, dextrin, sorbitol, dulcitol, mannitol, adonitol, erythritol, 
glycerol, sodium tartrate, sodium oxalate, sodium succinate, sodium malate, 
sodium lactate, sodium citrate, sodium acetate, sodium formate, and calcium 
pyruvate were used. 

Two factors in the growth of the organisms may operate to change the 
hydrogen-ion reaction of the nitrate media used in these tests. Any fer- 
mentation of the carbohydrates with the production of an acid tends to increase 
the hydrogen-ion concentration. On the other hand the organisms in their 
growth absorb certain of the mineral constituents of the media. If the acidic 
radicals are absorbed in excess of the basic radicals, the hydrogen-ion con- 
centration of the media tends to become lower and vice versa. Since the media 
used have a relatively low buffer capacity, the utilization of these radicals in 
smal] amounts may change the reaction considerably. In several cases, the 
media actually become more alkaline with the growth of the organism. The 
indications are that the organisms have not fermented the carbohydrate with 
the production of acid and that they have drawn more heavily on the acid than 
on the basic radicals. This condition is much more common in the media 
containing the nitrate than in either of the other media and it seems probable 
that it is the utilization of the nitrate radical by the organism which gives rise 
to this condition. A similar condition, however, is noted in the nitrogen-free 
media with some cultures. Here it is probably the use of the phosphate ion 
which accounts for the lowered hydrogen-ion concentration. 

Tables 1 and 2 record the results of these tests with the various sugars. 

The alfalfa bacteria as a general rule are more vigorous producers of acid 
than any of the other organisms. By the use of sucrose, xylose, mannose or 
galactose, the alfalfa bacteria may be separated from any of the other cross- 
inoculation groups. There is, however, within the group of alfalfa bacteria, 
considerable variation with respect to the production of acidity from the 
hexoses. Two general subgroups are evident. One of these, composed of 100, 
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107, 109, 112, 115, 116, 117, and 118, is characterized by a vigorous production 
of acid. Another such group, composed of 101, 102, 103, 104, and 105, is 
characterized by its inability to produce acid from melezitose, raffinose, trehal- 
ose, melibiose, lactose, and fructose. The remaining six strains of the alfalfa 
group which were tested are intermediate between these two extremes. 

The clover group of bacteria and the pea group of bacteria in a general way 
react very similarly on these carbohydrates. Considerable variation is shown 
among the individuals of each group, but no general grouping is possible as 
with the alfalfa bacteria. The clover and pea bacteria produce acid from most 
of the carbohydrates in this list, but in no case is there a vigorous fermentation. 
The clover and pea groups of bacteria may be separated from each other by 
their reaction on sucrose media. 

The bean bacteria produce even smaller quantities of acid than either the 
clover or pea bacteria although slighly acid reactions are noted. The use of 
either maltose or glucose serves to separate the members of this group from 
any of the others. 

Soybean and cowpea bacteria react similarly. No acid is produced from any 
carbon compounds’ except arabinose, and in practically every case the medium 
becomes distinctly alkaline. However, with arabinose the reaction was first 
strongly alkaline and later became acid. The same condition prevails with 
xylose but the change from alkaline to acid is much slower. Xylose and 
arabinose permit a more vigorous growth of the soybean and cowpea bacteria 
than do any of the other compounds tested. 

Dalea bacteria are very vigorous growers and in almost all cases the first 
reaction, after 3 to 5 days, is slightly alkaline, particularly on the upper slope 
of the slant. Later, acid is produced from some of the sugars to overcome the 
initial alkaline reaction and to leave an acid reaction. 

B. radiobacter behaves much the same as dalea bacteria, but it is a more 
vigorous acid producer with several of the carbohydrates. 

The hexoses are more easily fermented with the production of acid than are 
any of di- or tri-hexoses. Fructose is not utilized nearly so readily as the 
aldehyde hexoses. None of the legume bacteria are able to produce an acid 
reaction when grown on dextrin. The B. radiobacter strain used produces a 
very strong acid reaction on this substance. Three other strains of B. radio- 
bacter were secured from Dr. Liéhnis of the United States Department of Agri- 
culture. Two were able to ferment dextrin, and one was unable to do so. 

Tables 3 and 4 record the results of the tests with certain polyhydric alcohols, 
glucosides, and organic acid salts. 

A similar relationship holds with the glucosides and alcohols as with the 
sugars. The alfalfa, clover, pea, and bean bacteria produce acid from most 
of these compounds. Of these the alfalfa bacteria are the strongest acid 
producers. Here again the same division of the alfalfa bacteria into two 


5 Upon prolonged incubation, 6 weeks to 2 months, many of the cultures in these groups 
produce a light acid reaction. 
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groups, wasnoted. The weakest acid producers are the bean bacteria, whereas 
the clover and pea bacteria are intermediate. 

The soybean and cowpea bacteria in most cases produce a strongly alkaline 
reaction. Dalea bacteria in every case first produce a strongly alkaline re- 
action, which in practically every case is followed by an acid reaction. 

With the glucosides and alcohols as with the sugars, considerable variation 
is noted among the fermentation characters of the members of each group. 
The polyhydric alcohols bring out these differences very clearly. 

With the salts of the organic acids, the utilization of the acid radical usually 
results in a lowered hydrogen-ion concentration. In some cases with acids 
of high molecular weight it is possible that the acid might be split into two or 
more acids of lower molecular weight and thus even increase the hydrogen-ion 
concentration. 

In addition to the organic acid salts listed in the tables, sodium oxalate, 
sodium acetate, and calcium pyruvate were tested. Neither the oxalate nor 
the acetate ions were utilized by any of the organisms tested. In the case of 
the pyruvate ion slight growth, with the production of a light alkaline reaction, 
was secured with the following strains: alfalfa 100, 102, 104, 107, 108, and 117, 
clover 125A; pea 132, 133, 136, and 5; and soybean 160, 162, and 163. The 
reaction of these organisms to the pyruvate ion is of interest. Normally this 
compound is thought to be broken down very readily by bacterial action. 
Only very few of the legume bacteria, however, were able to utilize it in these 
tests. 

All of the other acids tested supported the growth of the organisms. In 
practically every case where a vigorous growth was secured the reaction of the 
medium became alkaline. However the final reaction of the medium cannot 
be taken as a measure of the growth of the organism. In some cases a marked 
lowering of the hydrogen-ion concentration occurred with a very scanty growth, 
whereas in others a vigorous growth was accompanied by little change in the 
reaction of the medium. 

Sodium malate, sodium succinate, and sodium lactate supported better 
growth than did any of the other organic acids. None of the organic acids was 
as good a carbon source as were many of the carbohydrates and polyhydric 
alcohols. 

Little difference in fermentation characters was noted among the strains of 
the alfalfa, soybean, and cowpea bacteria. 

B. radiobacter showed the interesting phenomena of producing acid reactions 
on the media containing sodium tartrate and sodium citrate. 


FERMENTATION CHARACTERS OF LEGUME BACTERIA WITH YEAST 
INFUSION MEDIA 


Lactose, maltose, sucrose, glucose, galactose, fructose, xylose, arabinose, 
mannitol, glycerol, salicin, sodium malate, and sodium formate were tested in 
the yeast medium. Table 5 records the data on these tests. 
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Because of the higher buffer capacity of the yeast infusion as compared to 
the nitrate medium there was less change in the hydrogen-ion concentration. 
Also it removed the possibility of a lowering of the hydrgoen-ion concentration 
because of an excess absorption of nitrate ions by the culture. On the other 
hand, the yeast infusion media in many cases appeared to support a much 
better growth than the nitrate media. 

These differences are reflected in the reaction of the cultures. In most cases 
the acid-producing cultures produce higher hydrogen-ion concentrations in the 
yeast infusion media than in the corresponding nitrate media. Differences 
between strains within the cross-inoculation groups are not nearly so pro- 
nounced as they were in the nitrate media. The two subgroups within the 
alfalfa bacteria can still be detected, although the differences are not so decisive. 
No differences are apparent within the clover group. Two of the pea strains 


TABLE 6 
Fermentation characters of certain legume bacteria and B. radiobacter 
2 weeks incubation—hexoses, pentoses, and mannitol in a nitrogen-free medium 


| 


ORGANISM AND STRAIN NUMBER LACTOSE SUCROSE | GLUCOSE | XYLOSE a MANNITOL 
| i—| 
Alfalfa 101, 102, 103,104, 105....) + Oo | ++ = ais fe ate 0 
Alfalfa, all other strains.......... + | 0 me me a + 
Glover, Oi SirAins......5 66.5.5 0 0 + + = ts 0 
fe 0 | 0 | + + = 0 
Bean ON SWANS... 65.5505. ccc 0 | 0 | + + + 0 
Soybean, all strains............. es -— -- - 
Cowpea, all strains.............. - | - | -- -— -— - 
Ce _ 0 | ++ | + _ 0 
IN uxsebirdrrnns 1} + | + | ++] + + | 0 
++++, strongly acid; +++, mediumly acid; ++, slightly acid; +, very slightly acid; 
——-—, strongly alkaline; ——, mediumly alkaline; —, slightly alkaline; 0, no change in 
reaction. 


react slightly differently from the others. The dalea bacteria show perhaps 
the greatest change from their reaction on the nitrate media. In the yeast 
infusion media the cultures produce considerable amounts of acid without first 
passing through the alkaline stage. 


FERMENTATION CHARACTERS OF LEGUME BACTERIA IN NITROGEN- 
FREE MEDIA 


Lactose, sucrose, glucose, xylose, arabinose, and mannitol were tested in a 
nitrogen-free basic medium. The results of these tests are recorded in table 6. 

The growth in this medium was not so vigorous asin the corresponding media 
in the other series, nor was the change in hydrogen-ion concentration so 
marked. The alfalfa bacteria group is the only one that shows any division 
into subgroups. On mannitol there is a clear-cut separation into two sub- 
groups. In each of the other groups all of the strains react essentially alike. 
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The alfalfa and dalea bacteria are the most vigorous acid producers. Clover, 
pea, and bean bacteria produce acid from glucose, xylose, and arabinose. The 
soybean and cowpea bacteria produce an alkaline reaction in all of the media 
tested. 


SUMMARY 


The fermentation characters of 60 cultures of root nodule bacteria, including 
members of the alfalfa, clover, pea, bean, soybean, cowpea, and dalea groups, 
and B. radiobacter have been determined. Agar media of low buffer capacity 
containing brom-thymol-blue as a hydrogen-ion indicator were used. 

The fermentation characters of these organisms are sufficiently definite and 
pronounced to enable the separation into groups corresponding to the cross- 
inoculation groups. An exception to this statement is found in the failure to 
separate the soybean and cowpea groups. 

By means of their fermentation characters the root nodule bacteria may be 
divided into two broad groups; namely, the acid producers, which include the 
alfalfa, clover, pea, bean, and dalea bacteria; and those which lower the 
hydrogen-ion concentration of the culture media, including the soybean and 
cowpea bacteria. This separation corresponds to that made on the basis of 
flagellation. The members of the first group are peritrichous whereas those 
of the second group have polar flagella. 

In many of the cross-inoculation groups, subdivisions have been established. 
The subdivisions which are established within the alfalfa and clover groups by 
their fermentation characters are definite and clear cut. These groups corre- 
spond with the groups which have been established by other workers by means 
of cultural and serological tests. Considerable variation was exhibited among 
the members of each of the other cross-inoculation groups in their fermentation 
characters. In these groups, however, the differences between strains were 
less constant and gave less opportunity for classification into subgroups. 

B. radiobacter may be distinguished from any of the root nodule bacteria 
by its strong acid fermentation of dextrin. 

Comparison of the reactions secured on nitrate, yeast infusion, and nitrogen- 
free media shows that these organisms produce larger amounts of acid on 
nitrogenous media. This is probably merely a reflection of a more vigorous 
growth. 

Many of the cultures apparently withdraw acid radicals from the medium 
much more rapidly than they do basic radicals. A comparison of the reactions 
secured on the nitrate and non-nitrogenous media indicates that the nitrate 
radical, in particular, is rapidly withdrawn from the culture media by the 
organisms. The fact that many of the cultures produce an alkaline reaction 
in non-nitrogenous media indicates that some other acid radical than nitrate 
is also heavily drawn upon. Evidence from other investigations would in- 
dicate that the phosphate radical is used in considerable amounts. 
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The productive capacity of soils in any region is dependent upon the amount 
of available moisture at the disposal of crops during the growing season. ‘The 
supply of available moisture is largely determined by the amount and distribu- 
tion of rainfall and by the textural quality of the soil in its effect on absorbing, 
retaining, and delivering moisture to crops. It is the object of this paper to 
show the effect of texture of sandy soils on the production of corn under condi- 
tions of favorable and unfavorable distribution of rainfa’]. 

For each major Class of soil there is an optimum moisture content at which 
the physical, biological, and chemical phenomena are most active, thereby 
usually providing conditions for maximum growth, and any marked departure 
from the optimum in either direction results in decreased plant growth. 

The mean annual rainfall for Wisconsin, as cited by Whitson and Baker (3), 
is 31 inches, about half of which comes in May, June, July, and August, and 
nearly 70 per cent from April to September inclusive. In spite of this favorable 
mean distribution, periods frequently occur during which distribution is un- 
favorable for the maintenance of an optimum supply of moisture in the sandy 
soils of the state. 

In a previous paper, the author (2) discussed the effect of texture of sandy 
soils on utilization of moisture in crop production as primarily related to the 
distribution of rainfall, and it was during this investigation that some observa- 
tions on corn were made during periods of limited rainfall. Subsequent wilting 
coefficient determinations were made of these soils, the results of which, to- 
gether with observations under out-of-door conditions, are given. 


EXPERIMENTAL CONDITIONS 


Inasmuch as the observations were made on the experiments I and II pre- 
viously reported, the reader is referred to the author’s previous paper (2, p. 199- 
204), for a description of the cylinders, soils, fertilizer treatments, and moisture 


1 Published with the permission of the director of the Wisconsin Agricultural Experiment 
Station. 
? Assistant Professor of Soils. 
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determinations. The amount and distribution of rainfall during the growing 
seasons covered by these experiments are also given in that paper (2, p. 205, 
206). 

Wilting coefficient determinations were conducted under greenhouse con- 
ditions in the late spring of 1924, with corn as the indicative crop. The 
galvanized iron containers used were 12 inches deep and 6 inches in diameter 


TABLE 1 
Mechanical composition of soils used in experiment IV, from field plots near Hancock 

erm | rime, | couse | meow | vee saxo | YY?7™®] snr | cy | tor 

a | _ 
inches per cent per cent | per ceni | per cent | per cent per cent | per cent per cent 

Coloma sand 

0-16 0.29 16.28 40.07 | 29.14 | 4.32 5.80 3.88 99.78 
6-12 0.40 20.58 42.74 24.76 | 3.71 4.85 3.60 | 100.64 
12-18 0.45 | 17.86 | 42.60 | 28.69 | 3.07 4.29 3.54 | 100.50 
18-24 0.40 | 20.15 44.2 27.05 | 2.32 3.08 2.89 | 100.17 
24-30 0.47 | 19.04 | 41.88 | 30.06 | 3.13 2.48 2:99 99.65 
30-36 | 0.37 | 19.67 | 42.18 | 30.26 | 3.01 | 2.33 | 2.25 | 100.07 
36-40 0.37 | 15.97 | 40.13 | 34.04 | 4.96 2.66 2.24 | 100.07 


Coloma fine sand 


27.31 51.53 a.92 4.86 4.66 | 101.71 


|; 0.1 
6-12 | 0.19 | 7.31 25.47 | 52.36 | 6.05 | 4.65 | 3.67 | 99.70 
12-18 | 0.17 | 7.36 | 24.96 | 54.41 5.22 | 3.96 | 3.45 | 99.53 
18-24 | 0.16 | 8.11 | 25.56 | 54.17 5.71 | 2.89 | 3.55 | 100.24 
24-30 | 0.10 | 6.33 | 23.08 | 58.86 | 6.60 | 2.00 | 3.07 | 100.04 
30-36 | 0.30 | 8.46 | 26.62 | 55.30 | 6.34 | 1.57 | 2.32 | 100.91 
36-40 | 0.16 | 6.36 | 24.57 | 59.91 | 5.81 | 1.33 | 1.84 | 99.58 
Coloma sandy loam 
06 | 0.30 | 9.92 | 20.82 | 36.41 | 13.69 | 14.08 | 4.85 | 100.07 
6-12 | 0.27 | 8.79 | 20.61 | 40.52 | 13.48 | 11.71 | 4.37 | 99.75 
12-18 | 0.49 | 11.77 | 23.77 | 38.37 | 12.38 | 9.17 | 4.10 | 100.05 
18-24 | 0.30 12.65 | 24.70 | 36.71 | 11.62 | 7.90 | 6.26 | 100.14 
24-30 | 0.31 | 12.18 | 22.57 | 35.20 | 13.67 | 9.02 | 7.76 | 100.71 
30-36 | 0.64 | 14.49 | 26.12 | 31.90 | 10.78 | 8.64 | 7.61 | 100.18 
36-49 | 0.68 | 13.51 | 25.63 | 33.05 | 11.60 | 7.72 | 7.61 | 99.80 


and their interior surfaces were covered with two coats of asphaltum paint. 
Each cylinder was supplied with a glass asperating tube, the lower end of which 
was embedded at the bottom of the container in a small ball of glass wool to 
avoid stoppage by soil. 

The soils employed were Coloma sand, Coloma fine sand, and Coloma sandy 
loam from the plots in experiment IV, the mechanical analyses of which are 
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given in table 1. They were placed in the containers in 6-inch strata corre- 
sponding to the depth of sampling. Thus, one cylinder contained soil from 
0 to 12 inches, a second, from 12 to 24 inches and a third, from 24 to 36 inches. 
A water-holding capacity determination was made on a 12-inch column of each 
stratum of the various soils. From these data were calculated the optimum 
moisture content to be maintained in each container during the growth of the 
corn. 

The soil in each container was brought to its required moisture content by 
adding the necessary volume of water, in which was dissolved 0.75 gm. of 
dibasic potassium phosphate and a like amount of sodium nitrate. The pene- 
tration of the water added was hastened by attaching a strong aspirating pump 
to the glass tubes, which drew the water quickly and uniformly down through 
the entire mass of soil in each container. 

The temperature of the soils was controlled by placing the containers in a 
large water bath in the greenhouse. ‘The bath was provided with three motor- 
driven stirrers and the heat supplied by two large incandescent electric light 
bulbs which were controlled by an electric thermostat. Cold water coils in 
the bottom of the bath permitted cooling when the greenhouse temperatures 
became higher than that maintained in the bath. With these controls the 
bath was kept to within 1 degree variation of the required temperatures. A 
front view of the bath is shown in plate 1. 

Four kernels of Golden Glow corn were planted in each cylinder on March 
15 and later each container was thinned to two plants. Dixon (1) finds that 
best root development in young corn plants takes place at 20°C. and that as the 
plants develop the optimum temperature increases to about 24°C. The 
temperature of the bath was, therefore, maintained at 20°C. until the plants 
attained a height of about 6 inches and was raised to 24°C. as the plants de- 
veloped. ‘The plants grew 46 days after they appeared above the soil. During 
that period they attained an average height of 97 cm. On the forty-seventh 
day the tops of the containers were sealed over with plasticene. 

The plants were considered as permanently wilted when they did not recover 
in a chamber at 90 per cent relative humidity and temperature of 29.3°C. 
(85°F.) 

After permanent wilting, the soil column was removed from the containers 
and placed under cover where the soil was jarred free from the roots. Repli- 
cate samples of soil were taken from each container for moisture determina- 
tions. 


RESULTS 


The amount and distribution of rainfall at Madison for corn during July and 
August was good in 1918, 1921 and 1923, but poor in 1917, 1919, and 1922 
(2, p. 205). Moisture conditions on the plots near Hancock were favorable 
in 1922, but unfavorable in 1923 (2, p. 206). 

The influence of texture as a medium through which plants secured moisture 
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under the conditions of precipitation as stated above is indicated by a compari- 
son of the yields of corn for favorable with those for unfavorable seasons of 
distribution of rainfall. This comparison is graphically shown in figure 1, 
which indicates: 

First, larger yields of corn on all classes of soil during seasons of favorable 
distribution than during those of poor distribution of rainfall. The open 
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character of these soils, especially the medium and fine sand, permit them to 
hold, under heaviest precipitation, but little more than the optimum amount 
of moisture for plant growth. 

Second, during seasons of favorable distribution of rainfall, medium sand 
produces larger yields than fine sand, but under conditions of poor distribution 
the order of production is reversed. Sandy loam, with its higher silt content 
and the presence of a clayey sand subsoil, is able to store moisture from the 
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heavier rains in sufficient amounts to produce the larger yields during seasons 
of poor as well as those of favorable distribution. 

The above facts are substantiated also by a critical study of the rainfall 
records for Madison and Hancock (2, p. 205, 206) whereby it is possible to 
group the distribution of rainfall, during the two months prior to the maturity 
of the crop, into three types: 


Type 1 (infrequent heavy rains and light showers) includes intervals during which 50 per 
cent, or more, of the precipitaion occurs as isolated rains of 0.9 inch or more, or groups of 
rains occurring within a 3-day period, totaling 0.9 inch or over, with intervening intervals of 
15 to 30 days during which occasional light showers may occur. 

Type 2 (infrequent heavy rains and frequent light showers) includes intervals during which 
50 per cent, or more, of the precipitation occurs largely as groups of rains within a 3-day 
period, totaling 0.9 inch, or more, with intervening intervals of 7 to 15 days during which oc- 
casional light rains and showers occur. 

Type 3 (frequent light showers) includes intervals during which the total precipitation 
is uniformly distributed in individual rains or groups of light rains and showers from 0.35 to 
0.9 inch within intervals of 7 to 15 days. 


TABLE 2 
The relation of soil texture to type of distribution of rainfall as determined by yields of corn 
YIELDS OF CORN 
TYPE OF DISTRIBUTION 
Lowest on Intermediate on Highest on 

Infrequent heavy rains and light | Medium sand | Fine sand Sandy loam 

showers 
Infrequent heavy rains and frequent | Medium or Fine, or me- | Sandy loam 

light showers fine sand dium sand 
Frequent light showers Fine sand Medium sand | Sandy loam 


The effect of texture on the ability of the soil to supply moisture received 
under these types of distribution is reflected in the yields of corn produced. 
By arranging the textures of the soil in ascending order, as determined by the 
yields produced upon them, and assigning them to the type of distribution into 
which they fall, the arrangement as shown in table 2 is obtained. 

It is apparent that under conditions of the first type of distribution, the 
water-holding capacity of the various soils is the determining factor in the 
supply of moisture to crops, for the loss by percolation from the heavy rains is 
proportionately greater in the medium sand than in the fine sand and also in 
the fine sand than in the sandy loam. 

Under the conditions of the second type, the values of medium and fine sand 
for corn are practically equal. This indicates a resultant effect of the ability 
of the two soils to hold water from the heavier rains and the depth to which 
the water from the lighter rains penetrates. 

The superiority of the medium sand over fine sand in the economic use of 
light rains is clearly shown under the third type of distribution, and is a result 
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of the more rapid and deeper penetration of water from light rains into the root 
zone. 

In spite of the fact that sandy loam utilizes the water from light rains and 
showers least advantageously, its greater ability to store water from the early 
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spring rains and heavy rains during the growing season enables it more nearly 
to meet the water requirements of the crop. 

The extent to which the moisture supply in sandy soil is depleted during 
extended periods of drought and the effect upon the corn crop was most 
striking in 1923 on the experimental plots near Hancock. 

There was a grouping of rains on June 24, 25, and 26, totaling about 1.75 
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inches followed by an exceedingly dry period to August 16, with intervening 
showers of (.49, 0.47 and 0.40 inch on July 6, 23, and 26 respectively (2, p. 206). 
Moisture determinations were made on June 29 and again on August 4. The 
percentages of moisture on these dates, together with their wilting coefficients, 
are graphically shown in figure 2. 

The uniform distribution of moisture in the Coloma medium and fine sands 
on June 29 is evident, the variations in the three depths corresponding to the 
differences in mechanical composition. The distribution in the Coloma sandy 
loam, however, although practially equal in the first and third foot, is consid- 
erably lower in the second foot. This is brought about largely by the greater 
water-holding capacity and capillary pull of the soil in the first and third foot 
depth due to the greater amount of silt in the first foot and the higher clay 
content in the third foot, as shown in table 1. 

A comparison of the moisture contents on August 4 with the wilting coeffi- 
cients shows that these soils, under field conditions, closely approach the wilting 
coefficients. The leaves of the corn were badly curled on the medium sand 
and fine sand plots and during the warmer part of the day some curling was 
observed on the sandy loam plot. This condition persisted until a rain of over 
1 inch occurred on August 21. No ears formed on the corn of any of the plots. 

Observations made in 1920 on corn growing on these soils in cylinders at 
Madison, show that on July 20, following 0.57 and 0.63 inch rains of July 6 and 
8, the leaves of the corn growing on medium sand and on fine sand started to 
curl during the middle of the day. On July 28 the corn on the medium and 
fine sands was quite badly wilted, but that on the sandy loam was still turgid, 
although not making much growth. This indicates that the sandy loam has 
a sufficiently high water-holding capacity to carry corn through 20 days of 
July weather having a mean maximum temperature of 78.5°F., a mean mini- 
mum of 59.3°F., and an average mean of 68.9°F. following a 1.2 inch rain 
without wilting, but that on medium sand and fine sand, wilting begins within 
nine or ten days. 


SUMMARY 


The results of a study of the effect of texture of sandy soils on moisture 
supply for corn during seasons of favorable and unfavorable distribution of 
rainfall and the proximity to which these soils approach their wilting co- 
efficient during periods of drought are summarized as follows: 


1. The favorable distribution of a given amount of precipitation during the growing season 
produces larger yields of corn on Coloma sand, Coloma fine sand, and Coloma sandy loam 
than those produced under conditions of poor distribution. 

2. Rainfall is classified into three types as to distribution: First, infrequent heavy rains and 
light showers; second, infrequent heavy rains and frequent light showers; and third, frequent 
light showers. 

3. Yields of corn under the first type of distribution of rainfall are highest on sandy loam, 
intermediate on fine sand, and lowest on medium sand. Those under the second type are 
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highest on sandy loam but the same for both medium and fine sand. Underconditions of the 
third type, however, the yields are highest on sandy loam, intermediate on medium sand, and 
lowest on fine sand. 

4, The moisture content of the three soils, following a period of drought, closely approaches 
their wilting coefficient to a depth of three feet below the surface. 

5. Observations made in July, 1920 show that the leaves of corn growing on medium and 
fine sand showed signs of wilting 12 days after a 3-day accumulated rainfall of 1.20 inches. 
Twenty days after the rain, the corn on these two soils was badly wilted, but that on the sandy 
loam was still turgid, indicating that the sandy loam has a sufficiently high water-holding 
capacity to carry corn without signs of wilting, through 20 days of July weather having a mean 
maximum temperature of 78.5°F., a minimum of 59.3°F., and an average mean of 68.9°F. 
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PLATE 1 


CONSTANT TEMPERATURE BATH AND CORN 


Fic. 1. Before wilting of corn. 
Fic. 2. At wilting of corn. 
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During a recent meeting of the American Society of Agronomy at Washing- 
ton, a discussion arose regarding the effect on photosynthesis of a possible 
increase in the percentage of carbon dioxide in the air as a result of decaying 
organic matter in the soil. The data recorded in this paper may be of some 
interest in this connection as they include analyses of the soil air in the presence 
of different amounts of organic matter and under different weather conditions. 
They also include the percentage of carbon dioxide in samples of air above the 
soil taken at the same time as the soil samples. It is therefore possible to 
compare the percentage of carbon dioxide in the air above the surface of the 
soil with a known content of carbon dioxide in the soil. The experiments were 
planned primarily to test the effect of carbon dioxide in the soil atmosphere 
on the sprouting of potatoes and on the growth of the sprouts. Besides the 
decay of organic matter, it was found that the high respiration of large cut 
seed pieces may also be a source of carbon dioxide in the soi! under certain con- 
ditions. 


EXPERIMENTAL PROCEDURE 


The experiments covered an early crop of Irish Cobblers planted on April 28 
and a late crop of McCormick potatoes planted on June 30. The beginning 
of the growing season for the early crop was noticeably dry, permitting good 
aeration of the soil during the period covered by the experiment. The weather 
conditions for the late crop were very different. The season was so wet for a 
period after planting that cultivation was not possible until July 25. 

One lot of the early crop seed was planted in good potato soil but in the 
bottom of the furrow of one row was placed organic matter consisting of grass 
and green volunteer oats. A second lot was dropped in a plow furrow and 
heavy sod turned over on the seed. A third lot was planted next to lot 2 but 
the sod had been plowed in March. The late crop seed was planted in 5 rows 
of 50 feet each. Large tubers were cut in half and the pieces planted 12 inches 
apart in the row. Green alfalfa was placed in the bottom of the furrow of one 
row and green cabbage leaves were placed in the furrow of another row. The 
organic matter was covered with a little soil before the seed was dropped. 
The two outside rows and the middle row contained no added organic matter 
and were considered the check rows. 
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At stated intervals after planting, samples of the soil atmosphere as well as 
of the air above the surface were taken for gas analysis. The samples of air 
in the soil were taken four to five inches below the surface and included samples 
from between rows as well as from different points in the rows and as near the 
seed pieces as possible. The growth of the plants and the yield of tubers were 
correlated with the composition of the soil atmosphere under the different 
treatments. 
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Fic. 1. Sameptinc Tuse ror THE COLLECTION oF CARBON DIOXIDE 


METHODS OF GAS ANALYSIS! 


A special sampling tube was designed and constructed from two brass cylin- 
ders. The smaller one fits tightly inside the larger one and projects about one 


1 The gas analyses by Hesse’s method were made by J. M. Arthur, former assistant in 
this laboratory. 
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TABLE 1 
Percentage of carbon dioxide in the soil atmosphere around potato hills of an early crop 


Duplicate samples were taken at different points in the row. The later samples were 
taken under plants of different sizes. 


GOOD POTATO SOIL HEAVY SOD 
DATE OF SAMPLING ; . 
No organic Patter | organic Thatta | Tummedon seed | Plowed in march 
COz per cent CO: per cent COz per cent COs per cent 
May 1 0.038 0.24 0.06 0.07 
0.042 0.19 0.09 0.05 
0.044 0.17 
0.038 0.13 
May 15 0.110 0.31 0.08 0.24 
0.095 0.31 0.11 0.17 
May 25 0.098 0.26 0.04 0.17 
0.099 0.19 0.08 0.12 
0.17 
0.17 
0.30 
0.26 
June 1 0.26 0.25 
0.38 0.26 
0.38 0.30 
0.18 0.29 
TABLE 2 
Percentage of carbon dioxide in the soil atmosphere and in the air above the surface—late crop 
of potatoes 
ae NO ORGANIC MATTER ADDED alr 12 INCHES 
DATE OF SAMPLING ABOVE SURFACE 
OF THE SOIL 
Alfalfa row Cabbage row Control row Between rows 
7 COz per cent COs2 per cent COs per cent COs: per cent COs: per cent 
July 16* 6.91 y Fay 2 5.05 1.4 0.03+ 
July 17f 5.31 2.97 0.03+ 


After cultivation 


July 26* 0.62 0.60 
August 8f 0.27 0.35 0.35 
0.37 0.22 0.23 


* Volumetric method. 


t Hesse’s method. 
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inch ateachend. One projection is grooved for a rubber tube connection and 
the other is drilled with 12 small holes arranged in a spiral. A sharp pointed 
piece of metal of the same diameter as the outer cylinder is then fitted to the 
end of the drilled projection. When the tube was forced into the soil the 
section containing the small holes was surrounded by an air space or loose soil. 
Ii the soil was very dry the holes were covered by a layer of silk but usually 
this was unnecessary. The sampling tube is shown in figure 1. The samples 
of air for the volumetric analysis were collected in 250 cc.-gas-collecting tubes 
by mercury displacement. The first 100 cc. of air drawn from the soil was 
allowed to escape in order to wash out the sampling tube and connections. 
The carbon dioxide content of the late crop soil was measured volumetrically 
and also by Hesse’s method in duplicate samples. Because of the small per- 
centages of carbon dioxide in the early crop soil it was measured only by 
Hesse’s method. The results of the gas analyses are shown in tables 1 and 2. 


DISCUSSION OF RESULTS 


The results show that the incorporation of organic matter in potato rows 
increased the carbon dioxide in the soil but this increase was much smaller 
under the early crop than under the plants of the late crop. This difference 
in the carbon dioxide of the soil may be attributed largely to the different 
weather conditions prevailing during the two experimental periods, as the 
amount of soil moisture would be expected to influence not only the diffusion 
of the gases from the soil but also the rate at which the organic matter decays. 
During the wet season of the late crop the percentage of carbon dioxide in the 
soil air of one of the rows in which organic matter had been added was as high 
as 6.9 per cent. Of special interest is the high percentage of carbon dioxide 
in the soil atmosphere of the control row to which no organic matter was added. 
The high respiration of the large cut seed pieces no doubt contributed a con- 
siderable amount of carbon dioxide to the 5.05 per cent total found on July 16, 
as the samples were taken as near as possible to the seed piece. 

The late crop was cultivated for the first time on July 25. The analyses of 
the soil air on the following day showed that cultivation had reduced the carbon 
dioxide in both the organic and control rows over 90 per cent, a remarkable 
demonstration of the effect of cultivation on the aeration of this soil after a 
period of wet weather. 

When the percentage of carbon dioxide in the soil air was highest, the 
analyses of the air 12 inches above the surface did not show any significant in- 
crease in percentage of carbon dioxide above the normal amount in air out-of- 
doors. If analyses of the air had been made soon after cultivation when the 
accumulated carbon dioxide in the soil was escaping rapidly, it is altogether 
possible that some increase in the air near the surface might have been ob- 
served. Lundegardh (1) made gas analyses of the air in a well fertilized 
field of beets in October. He found that the content of carbon dioxide was 
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().0534 to 0.284 per cent at the surface and 0.0401 to 0.0674 per cent above the 
leaves. From the data in this paper, however, it seems very probable that 
any significant increase of carbon dioxide in moving field air as a result of 
decaying organic matter in the soil would be very transitory and variable be- 
cause of changes in weather and soil conditions. 

The chief interest in the results of these experiments lies in the gas analyses 
rather than in the effect of the accumulated carbon dioxide on the sprouting of 
the tubers or on the growth of the plants when the entire growth period is 
considered. The plants of the early crop came up earlier in rows containing 
organic matter thanin the controlrow. This was probably due to conservation 
of moisture by the organic matter as the season was dry and also cool up to 
May 24 permitting rather slow decay of the added organic matter. 

The seed pieces of the late crop all sprouted but the plants in the row con- 
taining the highest percentage of carbon dioxide were only 4 inches high when 
those in the control row were 8 inches high. At this time the content of carbon 
dioxide in the soil was greatly reduced by cultivation. The row of backward 
plants began a vigorous growth and by the end of this growing period had 
practically caught up to the control plants. The early slow growth of the 
plants in the organic row may have been due to a narcotic effect of the accumu- 
lated carbon dioxide or it may have been due to low oxygen pressure, as 
analysis of the soil air showed that the oxygen at some points had been re- 
duced to 10 per cent. 

These experiments were prompted by a report of potatoes not sprouting 
in plowed sod during a wet season. It was thought that carbon dioxide might 
have accumulated in this soil to the extent of checking sprout growth. This 
was hardly possible, however, since these experiments show that even the high 
carbon dioxide content of the late crop soil did not prevent the tubers from 
sprouting. 
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An experiment with the following 3-year crop rotations? was begun on the 
experiment station farm at Lexington in 1921 (the plot numbers are given with 
the rotations): 


. Corn, wheat, clover 

. Cor, wheat, orchard grass 

. Tobacco, wheat, clover 

. Corn, wheat, soybeans (in rows) 

. Corn, soybeans (in rows), wheat 

. Corn, soybeans (drilled solid), wheat 
. Corn, wheat, clover as on plot 1. 


SIAM WD 


Three series of plots are used so that each crop is grown each year. Wheat 
is grown in all the rotations. A primary purpose of the experiment is to 
determine the effect of the various rotations and, in particular, of the immedi- 
ately preceding crops on the yield of the wheat crop. The plots are plowed for 
corn, tobacco, and soybeans, and disked for wheat. Soybeans are removed 
for hay. Corn is removed at the fodder stage. Hay crops of clover and or- 
chard grass are removed. No farm manure, commercial fertilizer, or liming 
treatments have been used on the plots. The land is average, of the 
highly phosphatic central bluegrass land. The nitrogen content in the surface 
soil averages around 3200 pounds to 2 million pounds of soil. The wheat 
yields given in table 3 should be a fairly good indication of its productiveness. 

Differences in wheat yields after the growth of certain crops, are supposed 
to be due, to a considerable extent, to differences brought about in nitrate 
content in the soil. In the bluegrass region of Kentucky, the yield of wheat is 
commonly known to be considerably larger after tobacco than after corn, the 
corn being cut for fodder. This has been found to be so in the general crops 
experiments on the experiment station farm. This increased yield undoubt- 
edly is partly due to the earlier removal of the tobacco crop from the land and 
the better physical condition of the soil, which make better seeding of the wheat 


1. M. Johnson, assistant in agronomy, assisted in the nitrate determinations in part of 
this work. 

* This experiment as well as other experiments on the station farm referred to in this paper 
are under the direction of George Roberts, head, and E. J. Kinney, professor of farm crops, 
department of agronomy. 
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possible. It is further thought to be due to the large amount of nitrates 
available for the wheat because of the thorough tillage given the land in to- 
bacco during the season, and because of the considerable amount of nitrates 
left on the land in the roots, dropped leaves, and after-growth of the tobacco 
crop. 

To secure information on the relationship between nitrates in the soil and 
wheat yields in these rotations, the plots were sampled and nitrates determined 
for the period 1921 to 1925, inclusive. Sampling was done only during the 
fall, when the plots were seeded to wheat, except in two years when sampling 
was continued into the following season. The plots are one-twentieth acre 
(21 by 103.7 feet). The samples were taken from two lines the full length 
of a plot and equidistant from each other and from the sides of the plot. On 
the corn and tobacco plots these lines were midway between rows. The sample 
cores were always taken at some distance from the location of cores of several 
immediately preceding samplings. Nine cores were taken in each line. A 
composite sample for the plot was made by mixing together the 18 cores. 

The phenoldisulfonic acid method was used in the determinations. In the 
main the procedure given by Noyes (2) was followed. The determinations were 
made on duplicate portions of the filtrates. The moist soils were used after 
being put through a 4-mesh sieve. The determinations were carried through 
the stage where the filtrate portions were evaporated to dryness on the 
bath on the same day the samples were taken. 

In the first determinations, 50 gm. of soil, 175 cc. of distilled water, and 25 
cc. of saturated lime water were used in getting the filtrates. As this did not 
give clear filtrates, 100 gm. of soil, 300 cc. of distilled water, and 100 cc. of 
saturated lime water were then used. Sufficient color still remained in the 
filtrates at times to interfere in the colorimeter readings. 

Some work was done on the use of powdered calcium oxide and potash alum 
in getting clear filtrates. In the case of the alum filtrates, sodium hydroxide 
solution was added before evaporation on the bath, to prevent loss of nitrates. 
Lime appeared to be as good as alum in giving clear filtrates with the soils 
from these plots, and seemed to be slightly better in the recovery of nitrates. 
Beginning with the November 1, 1923 determinations, 100 gm. of soil, 300 cc. 
of water, and 1 gm. of calcium oxide were used in getting filtrates. Usually 
50-cc. filtrate portions were taken for evaporation on the bath. In making 
the standard colorimeter solution, 5 cc. of a potassium nitrate solution contain- 
ing 0.0001 gm. nitrates, NO:, per cubic centimeter was used. 

As a check on the accuracy of the laboratory procedure, in nearly every set 
of determinations 5 cc. of the standard nitrate solution was added to each of 
two extra 50-cc. portions of filtrate from one of the soils. The percentages 
of added standard recovered were calculated, equal amounts of nitrates meas- 
ured from the soil being assumed with and without the addition of the stand- 
ard solution. The percentages obtained, the date of sampling, and the plot 
samples are given in table 1. The amount of nitrates in the soil filtrate alone 
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is shown in tables 3 and 5. The percentages recovered in the determinations 
of June 16 and September 19, 1924 are so far from the expected that it is felt 
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they should not be considered. Recovery is not good in a few other instances, 
but for the most part the procedure is shown to be accurate in determining 
nitrates in the soil samples. Excepting the two instances above mentioned, 


TABLE 1 


Percentage recovered of nitrates in 5 cc. of standard KNOs solution added to 50 cc. filtrate 
portions from soils 


DATE OF SAMPLING 


PLOT SAMPLED 


PROPORTION 
3 
RECOVERED, 
AVERAGE 
OF DUPLICATE 
FILTRATE 
PORTIONS 
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3 
Soybean plot* 
2 
Subsoil of corn plot* 
Subsoil of corn plot* 
2 
1 
Tobacco plot* 


1 
1 
1 
3 


3 (duplicate sampling) 


Average recovered excepting results of June 16 
and September 19; 1924... 0.60.6 sicsieceseesccs 


per ceni 


91 


* Fallow plots, see table 5. 
{ Only 2 cc. standard solution added. 


¢ Not average of duplicate filtrate portions—result from single determination. 


§ From work on variation of nitrates in soils to be reported in another paper. 


the average recovery of the standard added is 93.3 per cent. 
Snyder (3), using calcium oxide as a flocculating agent, report low results. 
Probably differences at other points account for the different results secured. 

Harper’s procedure (1) came to the author’s attention in the final year of 
the work. Some comparison with the procedure used in this work was made 
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on samples of soils from crop rotation plots 1 and 3, which had been in the lab- 
oratory several days. To make the procedures alike where otherwise there 
would be seemingly unessential differences, the following changes were made 
in Harper’s procedure: 100 gm. of soil, 300 cc. of water, 0.8 gm, of CaCOs, and 
2 gm. of MgCO; were used instead of 50 gm. soil, 250 cc. water, 0.4 gm. of 


TABLE 2 
Results of a comparison of Harper's procedure and the procedure used in the work of this paper 


| | - n 
a covormt- | Sceren | RECOVERED 
NUMBER OF PROCEDURE USED H FILTRATE USED READINGS OF roy —— 
| | soumios | Socbraox | bunuica 
- _ 7" - a percent 
; 
1 | Work of this paper Soil fe m4 
, : 40 78 
1 Harper’s Soil { 40 94 
40 50 
Work of thie ne Oi 
3 Vork of this paper Soil ‘ 50 
3 Work of this paper | Soil plusScc.stand-} {40 23 93.9 
ard solution \40 23 
: : 40 60 
3 Harper’s Soil 40 58 
3 Harper’s Soil plus 5 cc. stand- {40 29 
ard solution \40 29 70.0 
, . : ; 40 60 
3 air-dry | Work of this paper Soil 40 62 
3 air-dry | Work of this paper Soil plus 5 cc. stand- f40 | 26 
ard sclution (40 | 26 88.5 
| 
" 
: i ia 40 | 90 
3 air-dry | Harper’s Soil \40 | BA 
3 air-dry | Harper’s | Soil plus 5 cc. stand- [40 | 46 
ard solution (40 | 48 39.2 


CaCO;, and 1 gm, of MgCO,. Fifty cubic centimeter filtrate portions were 
evaporated on the bath. Determinations were on duplicate filtrate portions. 
Plot 1 soil was used only in its moist condition. Plot 3 soil was used in its 
moist condition and after being air-dried in the laboratory. 

In all cases, filtrates secured by Harper’s procedure were the clearer—those 
from the moist soils were entirely clear; that from the air-dry soil showed a 
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trace of color. Filtrates from the procedure used in the work of this paper 
had a brownish yellow tinge; that from the dry soil considerably more 
noticeable than the others. Examination of the residues in the dishes after 
evaporation on the bath showed similar differences between Harper’s and the 
procedure used in this work. The colorimeter readings, however, showed 
Harper’s (as above modified) to be inferior, in the case of these soils, to the 
procedure used in this work, giving low results whether with soil filtrates alone 
or soil filtrates plus standard solution and poorer agreement between duplicate 
determinations, as shown by the results in table 2. 

Results from the nitrate determinations and the corresponding wheat yields 
are given in table 3. To make comparison easier, averages are given in table 


TABLE 4 
Average nitrate content in soils and average wheat yields 
FIRST PERIOD LAST PERIOD 
Boe = 2é.- a 
aes 2 Bu we 
2:5 = 2 os iz 
2° 5 = S23] 3& 
cutie ROTATION ) es 2 =e Ex > ge 
t= ‘ e209 © 
=se et -4 > Bi Sees +a. 
£88 2 | 8442) 2s 
e2R | sh | 86a] $5 
< < < < 
lb bu 1b. bu. 
1 Corn, wheat, clover 170 19.5 41.6 6 Be | 
2 Corn, wheat, orchard grass 142 19.5 22.5 18.9 
3 Tobacco, wheat, clover 98 19.7 85.7 31.0 
4 Corn, wheat, soybeans (in rows) 122 18.0 24.7 19.7 
5 Corn, soybeans (in rows), wheat 97 | 19.2 | 40.7 24.1 
6 | Corn, soybeans (drilled solid), wheat 90 | 19.3 33.0 23.6 
7 | Cor, wheat, clover | 192 | 19.9 | 35.5 | 23.6 


* Averages of the yearly averages from table 3. 


4. The crops maturing in 1921 were the first in the experiment so that the 
nitrate determinations in the fall of 1921—the first in the nitrate study—and 
the wheat yields of the following year represent the second year of the experi- 
ment; and the nitrate determinations and wheat yields in the following year, 
the third year of the experiment or the completion of the first turn of the ro- 
tations. The nitrate result and wheat yield averages in table 4 are given for 
two periods, the first two years of the study representing the last two years of 
the first turn of the rotations, and the last three years of the study representing 
the second turn of the rotations. This is done because there are certain varia- 
tions in both the nitrate results and the wheat yields between the two periods. 
It is natural to suppose these variations to be due, in part at least, to effects 
during the first period, incident to getting the rotations under way. The 
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results of this period, therefore should be of less value in measuring the true 
effects of the rotations than the results of the last period. The more important 
variations between the two periods and, insofar as possible, explanations for 
them are as follows: 

In the main, the nitrates in the plots are much higher in the first than in 
the last period (table 4). Some allowance should be made in comparing the 
nitrate figures in this table for the two periods because the results in the last 
period are averages of samplings extending later into the fall when a seasonal 
decline in nitrates takes place. This, however, was only a small factor in the 
difference between the periods, as the results in table 3 from approximately 
the same time in the different years show. 

The land in the rotation experiment was in red clover preceding the experi- 
ment. The clover was seeded in wheat in the spring of 1919, and a large 
clover growth resulted. The hay crop was removed but the heavy sod and 
extensive other growth were probably a factor of some importance in the gen- 
erally high nitrate level during the first period. 

A further probable reason for the generally high nitrate level at the October 
28, 1921 sampling (table 3), was the stimulating effect on nitrification of the 
dry soil, which was due to a severe drought during the last half of July and the 
first half of August in this year. (The high nitrate level during the fall of 
1925 (table 3) is to be similarly accounted for. The drought during this year 
was of equal length but one month later.) 

At the October 28, 1921 sampling, the amount of nitrates in plots 2 and 4 
was practically the same as in plots 1 and 7 (table 3). In the last period the 
amount was much lower in plots 2 and 4 (table 4). Plots 1, 2, 4, and 7 were 
plowed from the original clover sod in the spring of 1921, had grown only the 
crop of corn in the rotations, and there had been no chance for the rotations 
to affect the results of the 1921 sampling. 

The amount of nitrates at the October 28, 1921 sampling in plot 3, which 
grew tobacco during the year, is low compared with the amounts in plots 
1, 2, 4, and 7, which grew corn (table 3). This also is at variance with the 
comparative amounts in these plots in the last period (table 4). Plot 3 was 
plowed from the sod at the same time and handled in practically the same way 
as plots 1, 2, 4, and 7 except for the difference in crops grown during the year. 
The drought caused low corn yields on plots 1, 2, 4, and 7, which averaged 
32.6 bushels per acre. A large growth of tobacco on plot 3, however, was 
made, the yield being 2095 pounds per acre. This was largely made after 
the drought was broken in the middle of August. Probably a limited use of 
nitrates by the small corn crop and an extensive use of nitrates by the large 
tobacco crop account for the differences in nitrates found. 

In addition to whatever effects still remained from the roots, stubble, and 
aftergrowth of the clover on the land previous to the beginning of the experi- 
ment, the relatively large amount of nitrates in plots 1, 2, 3, and 7 at the 
October 31, 1922, sampling (table 3) is to be accounted for by the fact that 
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these plots were plowed from the original clover sod after the hay crop was 
removed in the summer of 1920 but were reseeded to clover and orchard grass 
on the appropriate plots in the late summer of that year and remained in sod 
until the spring of 1921. 

The probable explanation for the differences in nitrate content between plots 
1, 3, and 7 at the October 31, 1922, sampling (table 3) is interesting. In these 
particular differences, the nitrates are also at variance with the results in the 
last period (tables 3 and 4). The corn yields on plots 1 and 7, in 1922, were 
48.6 and 39.7 bushels per acre, respectively. The tobacco yield on plot 3 was 
1160 pounds per acre. These are very roughly average yields for the crops 
and probably would be supposed to be of less importance in bringing about 
differences in nitrate content in the fall than would considerable differences 
in the preceding clover growth on the plots. The yields of clover hay on the 
plots during the preceding year were: plot 1, 2620 pounds (per acre); plot 3, 
1960 pounds; and plot 7, 3480 pounds. If the clover growth remaining on the 
plots is assumed to be proportionate to the hay crops removed, the ratio be- 
tween this growth and nitrate content found is practically the same with the 
three plots. 

Nitrates on plots 5 and 6 are lower than on plots 1 and 7 in the first period 
(table 4) but they are about the same in the last period. There is no apparent 
reason for this change in relationship between the periods. 

The average wheat yields during the first period (table 4) are fairly uniform 
on the various plots and, on the whole, lower than during the last period. 
Averaging the results smoothes out some differences apparent in the individual 
years in the first period (table 3), but even here the comparative uniformity 
is more significant than such differences as do exist. Effects from the rota- 
tions, seemingly, have not yet appeared. 

There appears to be no relationship between nitrate content as determined, 
and wheat yields during this first period, unless the wheat yields on the to- 
bacco-wheat-clover rotation (plot 3) were no larger than on the corn-wheat- 
clover rotations (plots 1 and 7) because of the relatively low nitrate content 
in the tobacco-wheat-clover plot (table 4). 

The results of the last 3-year period, representing the second turn of the 
rotations, will now be considered. Nitrates were higher on the tobacco-wheat- 
clover plot than on the corn-wheat-clover plots during the fall of 1923, some- 
what lower during 1924, for which there is no apparent explanation, and much 
higher during 1925 (table 3). Wheat yields were higher on the former plot 
during all three years. The averages of both nitrate content and wheat yields 
were much higher in the tobacco-wheat-clover rotation than in the corn-wheat- 
clover rotation (table 4). 

The substitution of orchard grass for clover (plot 2, compared with plots 
1 and 7, table 4 last three-year period) decidedly reduced nitrates, and lowered 
the yield of wheat. The average acre yields of the hay crops removed from 
these plots for the 5-year period (1921 to 1925) were 3624 pounds of clover 
hay and 1860 pounds of orchard-grass hay. 


EFFECT OF ROTATIONS ON YIELDS OF WHEAT 255 


The substitution of soybeans (in rows and cultivated) for clover (plot 4, 
compared with plots 1 and 7, table 4) also decidedly reduced nitrates. The 
nitrates in plot 4 were about the same as in the corn-wheat-orchard-grass plot 
2. Wheat yields correlate very well with the nitrates found (table 4) being 
lower on plot 4 than on plots 1 and 7 and about the same as on plot 2. 

It is interesting to compare plot 4 with plot 5 (table 4). Nitrates are ap- 
preciably higher in plot 5, after soybeans, than in plot 4, after corn. Wheat 
yields are likewise higher on plot 5, the difference being 4.4 bushels an acre. 
The yields of corn and soybeans are higher on plot 4 than on plot 5, the average 
1921 to 1925 crop yields per acre being as follows: soybeans, plot 4, 4408 
pounds; plot 5, 3888 pounds; corn, plot 4, 57.7 bushels; plot 5, 47.8 bushels. 

In other areas which adjoin each other on the station farm, wheat after 
soybeans in a four-year rotation of corn, soybeans, wheat and clover, as an 
average of 12 crops in the period 1913 to 1925, has yielded 4.8 bushels more 
per acre than after corn in a 3-year rotation of corn, wheat, and clover (4). 
The corn and clover yields are both slightly higher in the 3-year rotation, 
probably because of greater natural soil productiveness; therefore the increased 
wheat yields here also seemingly should be credited to the superiority of soy- 
beans over corn as a preceding crop. 

The rotation on plot 6 is corn, soybeans, wheat, but differs from that on plot 
5 in that the soybeans on plot 6 are drilled solid and have not been cultivated 
except during 1925 when cultivated once with a smoothing harrow. The soy- 
beans on plot 5 are in rows and have been cultivated three or four times. In 
the fall of 1925 nitrates were appreciably and consistently higher on plot 5 
than on plot 6 (table 3). Differences in the other years are small and probably 
of no significance. Wheat yields (table 3) were considerably higher on plot 
5 than on plot 6, in 1926 (corresponding with 1925 nitrate results) and the dif- 
ferences were small in the other years. The acre yields of soybeans on the 
two plots were, as an average of the 5 crops, 1921 to 1925, 3888 pounds on plot 
5 and 3960 pounds on plot 6. 

In general there is a definite relationship between nitrates as determined 
and wheat yields during the last 3-year period, higher wheat yields correlating 
with higher nitrates. 

Data giving production of nitrates under wheat during the spring, in addition 
to during the preceding fall, probably would show a closer relationship between 
nitrates and wheat yields than when restricted to the fall alone. With this 
in view, plots were sampled and nitrates determined in the year following 
seeding of the wheat in 1923 and 1924. The results (table 3) on the whole 
show a low and uniform nitrate content in the plots, suggesting that the crop 
fed very closely on nitrates which prevented differences in nitrate production 
from appearing; and therefore are useless for the purpose intended. 

Probably this would not happen under all soil conditions. Whiting and 
Schoonover (6) report one year’s results with the determination of nitrates in 
the fall and the following year on plots at Urbana, Illinois, when in wheat 
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following soybeans. On many of the plots, nitrates were found to be as high 
during the spring and early summer as during the preceding fall. It is worth 
noting in the work of Whiting and Schoonover that nitrates in the plots re- 
ceiving phosphate treatments were considerably lower than in the other plots, 
suggesting that the close feeding of the wheat on nitrates found in the Lexing- 
ton rotation plots was associated with the high phosphorus soil content and 
the relatively lower nitrogen content. 

To study the effect of certain crops on nitrate production during the following 
season in the absence of the effect of a growing crop, the following work was 
done. Crops as shown in table 5 were grown on small plots, about 1/40 acre. 
During the fall after the crops were removed and during the following spring 
and summer, these plots were kept fallow without plowing. The plots were 
sampled and nitrates determined as on the crop rotation plots. The crops 
affected nitrate production somewhat in the fall. Nitrates were lower after 


TABLE 5 
Nitrates (NOs) in 2,000,000 pounds of dry soil in ground kept fallow after certain crops 


1923 1924 


CROP 


Novem-| Decem-| 
ber 1 | ber 19 | 


April } a _ July 9 


1b. 1b. 


107.4; 190.3} 217.8 
97.6) 200.5} 235.3 
118.6) 192.3) 242.7 
95.2} 189.4) 235.9 
100.8) 190.7) 246.9 


ND sion nh an aiown 


Subsurface of corn plot 
7 to 14-inch layer......| : : ; 54. 49.2) 72.0 | 240.2 


hemp and to a less extent after corn, than after the other crops. They were 
higher after soybeans than after tobacco. The results perhaps show smaller 
production of nitrates after corn and hemp than after the other crops during 
the first part of the following season. Nitrates increased on all plots through- 
out the season and, in the main, were at about the same level. At the date 
of the last sampling, on August 8, the average amount of nitrates in the plots 
was 235 pounds to 2 million pounds of soil. 

Welton and Morris (5) report results from nitrate determinations in soils 
under and immediately after certain crops and discuss the relation between 
nitrates found and yields of immediately following wheat crops. They state 
that apparently there is a close relationship between nitrates and wheat yields. 
Their investigations were particularly on the effect on wheat yields of high 
nitrates after potatoes, but the effects after corn, oats, wheat, clover, and 
soybeans, were also studied. Their results do not in all cases show positive 
relationship between nitrate content and wheat yields. Yields after soybeans 
in the rotations compared were better than after corn, whereas nitrate content 
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was invariably found somewhat lower after soybeans than after corn. They 
also report results of nitrate determinations during one fall, in corn and to- 
bacco land. The average of all determinations showed 20 parts of nitrates 
per million of dry soil in the tobacco land, and 10 parts per million in the 
corn land. 

Samples were taken from the 7- to 14-inch layer and nitrates determined in 
the corn plot in the fallow plots. It will be noted (table 5) that the amount 
of nitrates in this layer during 1924 was around half of that in the surface 
soil. The nitrates in this layer greatly increased, however, from July 9 to 
August 8, becoming practically equal to the amount in the surface soil. Re- 
cords of the local weather bureau station located one mile from the plots show 
a rainfall of 1.50 inches on July 12. As this came when the ground was already 
fairly moist, some removal of nitrates from surface to under soil no doubt 
occurred. At no other time was precipitation sufficient for leaching to occur. 
It seems that removal of nitrates from surface to under soil could account for 
only the smaller part of the increase in the under soil, particularly in view of 
the large increase in nitrates in the surface soil during the same interval. 
Seemingly the rest is to be accounted for by actual production of nitrates in 
this layer. 

Nitrates also have been determined in the 7- to 14-inch depth, in the to- 
bacco-wheat-clover plot 3, beginning with the November 1, 1923, sampling. 
These results are given in table 3. In general nitrates have increased in this 
layer during the fall, coincidently with a decrease in the surface soil. Here 
it seems clear that the leaching effect of rainfall on the surface soil is the main 
factor. The large increase in nitrates, 64 to 147.2 pounds, in the 7- to 14-inch 
depth, between the October 5 and October 20, 1925, samplings, will be noted. 
Nitrates in the surface soil decreased from 249 to 90.5 pounds during the same 
interval. There were 4.36 inches of rainfall between the two dates; 2.66 
inches fell on October 16. 


SUMMARY 


Results are reported of nitrate determinations extending over five years 
on soil samples from the plots of a crop rotation experiment on the Lexington 
experiment station farm. A primary purpose of this experiment is to deter- 
mine the effect of the various rotations and, in particular, of the immediately 
preceding crop on yields of the wheat crop. This crop follows corn, tobacco, 
and soybeans. There are also other differences in the rotations. Nitrates 
were determined mainly in the fall when wheat was seeded, to ascertain the 
relationship between nitrate production and wheat yields. The averages of 
the results of the last three years of the study show a fairly close relationship 
between nitrates and wheat yields. This is considered to indicate the probable 
relationship in the future. However, considering the results by years and 
particularly including the first two years of the study, the relationship is shown 
to be only very general and to have no correlation at numerous points. 
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THE VARIABLE OCCURRENCE OF NITRATES IN SOILS 
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Results from determinations of nitrates in the plots of a crop rotation ex- 
periment have been reported (1). In the last year of this work, it was noticed 
that the amounts of nitrates found in certain plots changed considerably in 
relation to each other between consecutive dates of sampling. The most 
pronounced instance of this was in the results from plots 6 and 7 at the Sep- 
tember 18 and October 5, 1925, reading. The nitrate nitrogen found in these 
plots at the two dates, expressed as pounds in 2 million pounds of dry soil, 
was: 


September 18 
October 5 


It seemed unlikely that these changes in nitrates actually occurred in the 
plots. The more probable explanation was that the method of sampling used 
did not in all cases accurately represent the nitrates in the plots. 

The plots in the rotation experiment are 21 by 103.7 feet in size (1/20 acre). 
Samples were taken from two lines of the full length of a plot, and equidistant 
from each other and from the sides of the plots. On plots in corn and tobacco 
these lines were midway between rows. Nine cores to a depth of 7 inches were 
taken with a soil auger in each line. A composite sample was made by mixing 
together the 18 cores. The cores of any sampling were always located at some 
distance from the cores of preceding sampling. The number of cores taken was 
at least as large as the average for an equal area taken for the determination of 
nitrates in field soils and it was thought would represent the nitrates in the 
soils sufficiently for the purposes of the work. 

When it was noticed in the fall of 1925 that apparently the samples taken 
did not in all cases accurately represent the nitrates in the soils, some work 
was done to get information on the variability of nitrates in the soil of these 
plots and in certain other areas on the experiment station farm. 

It is thought that the results of this work, although limited in extent, might 
be of interest as confirming more extensive work (1, 2) showing the wide varia- 
bility of nitrate occurrence in apparently uniform soils, and because seemingly 
the importance of this variability is likely to be underestimated in sampling 
soils for nitrate determination. 
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On October 20, 1925, plots 1 and 3 were sampled twice, with the following 
results: plot 1, first sampling, 6.2 (pounds nitrate nitrogen per 2 million pounds 
dry soil); second sampling, 6.4; plot 3, first sampling, 24.3; second sampling, 
16.6. Plot 1 was in corn during the summer. Plot 3 was in tobacco. 

On October 23, plot 3 was sampled three times; first in the usual manner, 
second in the usual manner with the cores midway between the cores of the 
first sampling, and third the usual number of cores taken at the usual distance 
apart but located directly in the two adjoining rows on the south of the two 
middles from which the first and second samplings were obtained. The 
nitrate nitrogen found in the three samplings was: first, 16.6 (pounds per 2 
million pounds of dry soil); second, 24.3; third, 12.5. Plot 5 (in soybeans dur- 
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Fic. 1. VARIABILITY IN OCCURRENCE OF NITRATES IN SURFACE SOIL OF A SMALL AREA IN 
Crop Rotation Prot 3 SampLep OcTOBER 28, 1925 


Figures show pounds of nitrate nitrogen in respective cores per 2,000,000 pounds of dry soil 


ing the summer, in rows and cultivated) was sampled twice on this date, with 
the cores of one sampling midway between the cores of the other. The nitrate 
nitrogen found in the two samples was 6.8 and 7.6, respectively. 

On October 28, 1925, 12 cores of surface soil were taken from plot 3, 6 from 
the central middle, and 6 from one of the adjoining rows and nitrates deter- 
mined in the individual cores. The location of the cores and the nitrate nitro- 
gen found are shown in figure 1. This plot has received no treatments of lime 
materials, commercial] fertilizers, or farm manure for a period of at least 10 


years. 

On November 10, 1925, 5 cores of surface soil were taken from the center of 
a middle and 5 directly in one of the adjoining rows of another tobacco 
plot on the experiment station farm located some distance from the crop rota- 
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tion plots. Samples were also taken from the 7 to 14-inch depth of the 5 
middle cores. The location of the cores and the nitrate nitrogen found in the 
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Pitot, SAMPLED NOvEMBER 10, 1925 


ligures show pounds of nitrate nitrogen in respective cores per 2,000,000 pounds of dry soil; 
figures in parentheses are from 7- to 14-inch depth. 
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Fic. 3. VARIABILITY IN OCCURRENCE OF NITRATES IN THE SOIL OF THE SURFACE FOOT OF A 
SMALL AREA IN A Prot oF A MANURE EXPERIMENT IN CorN DuRING THE SUMMER 


Figures show pounds of nitrate nitrogen in respective cores per 2,000,000 pounds of dry soil 


individual samples are shown in figure 2. This plot was in corn in 1924 and 
received 10 tons of farm manure per acre. No commercial fertilizer or liming 
treatments have been used. 
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On November 13, 1925, 15 cores were taken from the surface foot of soil in 
a middle and one of the adjoining rows of a corn plot in a manure experi- 
ment on the experiment station farm. A 3-year rotation of corn, wheat, and 
clover isused on the plot. Farm manure is applied at the rate of 10 tons per 
acre on the ground after plowing for corn. No liming or commercial fertilizer 
treatments have been used in the last 15 years. The location of the cores and 
the nitrate nitrogen found in the individual cores are shown in figure 3. When 
the sampling was done, preparation of the ground for the seeding of wheat had 
fairly well leveled the plot and moved most of the corn stubs. Enough were 
in place, however, to make possible fairly accurate location of hills. 

All three of the areas in which the nitrates were determined in individual 
cores were quite uniform as far as was shown by field examination. 

The data are not extensive enough to warrant statistical treatment or much 
discussion. It will be noted that, excepting the two high figures in the corn 
plot in the manure experiment, variability in nitrate occurrence was greatest 
in tobacco plot 3 in the crop rotation plots, intermediate in the other tobacco 
plot, and least in the corn plot in the manure experiment. This order corre- 
sponds with the order of average amounts of nitrates present in the three areas, 
the greatest variability being associated with the greatest amount of nitrates 
present. This is also borne out by the results from the duplication of samplings 
on plots 1, 3, and 5 in the crop rotation experiment, where the lack of agree- 
ment between duplicate samples was much greater in the case of plot 3 with 
the larger amount of nitrates than with the other two plots. The results also 
seem to show that variation was likely to be as great in short distances as in 
relatively much greater distances. On all three areas sampled for nitrate 
determination in individual cores, the distance between cores in a lengthwise 
direction of the middles was several times that of the distance between cores 
in a crosswise direction of the middles. Variations in nitrate nitrogen, how- 
ever, on the whole were just as great between consecutive crosswise samples 
as between consecutive lengthwise samples (figs. 1, 2, 3). Apparently vari- 
ability in nitrate occurrence was not correlated in any way with possible 
differences brought about by cultivation of the corn or tobacco crops on the 
areas, or with different residual effects from stubs and roots of the tobacco or 
corn plants such as might be expected to obtain between samples of soil di- 
rectly in the row or hill and at varying distances away. 
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Considerable work has been done on the insolubility of phosphorus of the 
soil but the greater part of the work has been hothouse and field plot work 
interpreted in terms of crop response. This kind of work is valuable but does 
not determine the several factors and their influence upon the solubility of the 
phosphorus of the soil. In order to obtain fundamental results, it becomes 
necessary to isolate and study separately the several soil factors involved. 
The influence of the soil base on the solubility of CaH,(PO,)2 can best be ob- 
served, perhaps, by titrating CaH,(PO,)2 and these soil bases in pure form in 
neutral distilled water. When three equivalents each of CaO, MgO, and 
CaCO; were titrated separately with CaH,(POu,)2 three strikingly different 
reaction curves were obtained. In the titration of CaO with CaH,(PO,)2 
the reaction changed from pH 17.2 to below pH 6 with the addition of less than 
one equivalent of CaH,(POu.)2 to three equivalents of CaO. MgO gave a 
curve somewhat similar in form to the CaO curve but of much shorter range in 
pH. The reaction of CaCO; titration changed very little until after the addi- 
tion of two equivalents of CaH,(POx,)2, at which point the pH decreased 
rapidly. 

Different compounds were also formed in these titrations. Amorphous 
Ca3(POx)2 occurred at points 1 to 10 inclusive on the horizontal scale of the 
graph (fig. 1) and crystalline CaH PO, occurred at points 2 to 10 inclusive in the 
titration of CaO. The tendency of the chemical reaction at the addition of one 
equivalent of CaH,(PO,)2 appears to be as follows, the Ca(OH): being present 
in excess, 


3Ca(OH)2 + CaHy(POs)2 = Cas(POx)2 + Ca(OH)2 + 4H,0 


With the addition of two equivalents of CaH4(PO,)2 the reaction probably is 
more complete as indicated in the following equation. 


6Ca(OH)2 + 2CaH4(PO,4)2 = Cas(PO.)2 + 2CaHPO, + 3Ca(OH)2 -+ 6H20 
but this reaction, does not progress to completion, for at each point a small 


‘Taken from thesis presented at Michigan State College in partial fulfillment of the 
requirements for the degree of Master of Science. 
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amount of the transition product, CaHPO,, was found, which seemed to indi- 
cate that the reaction may be more as follows, 


3Ca(OH)2 + 2CaH,(PO,): = Cas(PO,)2 + 2CaHPO, + 6H20 


If a third equivalent of CaH;(PO.)2 had been added the reaction probably 
would have been as follows, 


3Ca(OH)2 + 3CaH,(PO,)2 = 6CaHPO, + 6H,0 


The conditions existing in these titrations appear to be contrary to the ac- 
cepted idea, in that there exists at the point of the first equivalent of 
CaH(PO.)2 (fig. 1) solid Ca3(PO,)2, solid CaHPO,, and solid Ca(OH): in a 
liquid medium with a reaction below pH 6, indicating the presence of a sub- 
stance which ionizes, giving free H ions. This reaction is approximately the 
reaction of CaHPO,;. These equations, however, do not show the exact condi- 
tions existing because these chemical reactions do not proceed in gram-molec- 
ular quantities but in much smaller proportional quantities. The base, 
Ca(OH), is present in a large excess at the beginning of the titration and an 
excess is found as a solid sediment even below the neutral point. 

A somewhat similar condition is found to exist in flasks 6, table 1, in which, 
Ca3(PO,)2 exists as a precipitate in a liquid medium with reactions of pH 
6.5, pH 6.3, and pH 5.5. respectively. The conditions are partially represented 
by the equation, 


6CaH.(PO,)2 + 9Ca(OH): = 4Caz(PO,)2 + 2CaHPO, + CaH,(PO,)2 + 18H20 


for the titration equivalent to 100 pounds of acid phosphate per acre. In the 
other two more concentrated titrations, more Ca;(PO,)2 and CaH,4(PO,)2 and 
about the same amount of CaHPO, is present, the latter being in solution in 
each case. Ca;(PO,)2 was also found as a solid medium of pH 6.5 in the titra- 
tion of CaHPO, with Ca(OH), as shown in table 2. Even with a proportion 
of Ca(OH), to CaHPO, of 5 to 4 the reaction was practically neutral, pH 6.9. 

CaHPO, is considered a transition product, its stability depending on the 
reaction of the medium in which it occurs. It was, however, the principal 
compound formed in the titration of CaCO;, being found as a precipitate at 
points 4 to 16, inclusive, in increasing amounts. Amorphous Ca;(PO,)2 could 
not be detected at any point in the titration. The quantity of CaCO; remain- 
ing in the bottoms of containers decreased from points 1 to 8, no CaCO; being 
observed beyond point 8. The tendency of the chemical reactions are repre- 
sented by the following equations: 


ist equiv., 3CaCO; + CaHy(PO,)2 = 2CaHPO, + Ca(HCOs;)2 + CaCOs 
2nd equiv., 3CaCOz + 2CaH,(PO,)2 = 4CaHPO, + CafHCO;)2 + H,O + CO, 
3rd equiv., 3CaCOz + 3CaH,(PO,)2 = 6CaHPO, + 3H,0 + 3CO, 


In the titration of MgO the chemical reactions are more complex because of 
the introduction of another base-ion, magnesium, the phosphorus compounds 
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of which are more soluble than the calcium phosphates. All of the products 
formed in this titration were soluble in the quantities formed, as no precipi- 
tates appeared. It is probable that the di-basic phosphates principally were 
formed, with the chemical reaction proceeding according to the following 
equation, at the point of the addition of three equivalents of CaH,(PO,)2: 


Mg(OH): + CaH,(PO,)2 = MgHPO; + CaHPO, + 2H.0 


TABLE 1 
Solubility of phosphorus in titration of CaHi4(POx)2 with Ca(OH)2 
Concentrations equivalent to 100, 200, and 300 pounds acid phosphate per acre. ‘Three 
inches containing 12 percent moisture. Time; 14 days. 


« | { 
# EE 100 200 | 300 
| 63 |- ——— 
% 2° » | Added P SEeae Added | se Added 
ee ee ed ee ca i ee od 
per cent | percent per cent 
xX} 0 |3.60].... | 1000] 3.50] ....| 100.0 |3.40]....| 1000 
§ 15.57) .... | 0.016.335! .... 94.4 | 6.25| dt 89.4 
2 DS eves th cect Oe 77.0 |5.89| ¢t 76.8 
3 2 | 6.31] d 70.1 | 5.92 | (d?)t 64.1 |5.79| ¢t 64.2 
4] 1 |6.23| dt | 57.4] 5.96 t 58.5 | 5.82] t 51.8 
S| 1t | 6.31] dt | 40.1 | 6.09 t 40.4 |5.96} t | 38.0 
6} 143 | 6.50] t | 28.0] 6.31 t 26.8 |5.45} t | 25.2 
7} 12 | 6.79} t | 15.6] 6.52 t 15.7 |6.37} t | 13.4 
8; 2 |....] ¢ 8.6 | 6.88 t 6.2 |6.48} t | 3.4 
T-score 1.3 | 7.20 t 6.2 ;7.13} t | 0.6 
10 24 veee | tl 0.8 | 8.34 t 0.9 | 8.68 t | 0.1 
11/ 22 | 8.36] ¢t 0.5 | 8.78 t 0.9 |911] t | Trace 
12} 3 | 8.60 | t 0.2 | 9.01 t 0.7 | 9.21 t | Trace 
13} 34 | 8.65] t | Trace|9.19} tt] Trace | 952) t | ‘Trace 
14] 3h | 9.02) t | Trace | 9.43 | tt | Not an-} 9.55] t | Not an- 
| | | | alyzed | | alyzed 
15 3 | 9.06; ¢t | Trace | 9.58 | t | Not an-/ 960] t | Not an- 
| | | | alyzed | alyzed 
16); 4 |9.21; t | Trace | 9.58 | t | Not an-| 9.75 | t | Not an- 
| | | | | | alyzed | | | alyzed 


d = precipitate of CaHPO, present. 
t = precipitate of Ca3(PO,)2 present. 


Freshly prepared Fe(OH); and Al(OH) 3 had comparatively little effect on 
the pH of the mixture when titrated against CaH,(PO,)2, even when the 
Fe(OH)3: CaH4(POs,)2 ratio was very wide. However, the Fe(OH); exhibited 
a greater influence on the solubility of the phosphorus than did Al(OH). 
According to the simple equation, 


Fe(OH): + CaHy(PO,)2 = FePO, + CaHPO, + 3H,0 
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the quantity of Fe(OH); used in flask 1 (table 3) exceeds that required to com- 
plete the equation. The extent of this chemical reaction was not determined, 
for the solubility of FePO, permits the reaction to be completed and no phos- 


phorus to be lost from solution as FePQ,. 


TABLE 2 
Titration of CaH PO, with Ca(OH): solution 


0.04038 gm. CaHPO, in solution in each flask. Total volume; 250 cc. 


Time; 14 days- 


| RATIO: | ; 
FLASK NUMBER | Cuomie pH PRECIPITATES —— in 
| per cent 
€ I eltiageies ah gianie 100.0 
1 } 6.49 d 13.3 
2 3 6.52 t 45.4 
3 3 6.69 t 33.0 
4 6.86 t 9.5 
5 i} 6.89 t 1.8 
6 13 125 t 1.4 
7 3 8.57 t 1.8 
Ss fe ae eee t Trace 
9 23 10.28 t Trace 
d = precipitate of CaHPO, present. 
t = precipitate of Ca3(PO,). present. 
TABLE 3 
Titration of Call «(PO.)2 with Fe(OH); and Al(OH)s 
0.02958 gm. CaH«{(PO,): per flask. Total volume; 250cc. Time; 14 days. 
RATIO: | Fe(OH): Al(OH): 
a) ee | Added P found Added P found 
ate . Addec Adde d 
CaH«(PO,)s | pu Bey ty pH in solution 
He | per cent * : a pees 
0 0 3.40 100.0 3.40 100.0 
1 + | 6.02 | 40.6 5.44 82.5 
2 8 | 6.88 | 19.0 5.99 68.2 
3 i6 7.00 1.8 6.53 51.4 
4 32 vr | Trace 7.37 22.9 
5 | 48 | 7.19 | Trace 7.41 12.0 
6 O+ ie | Trace Ye | 6.0 
7 80 pyiee | Not analyzed 7.29 2.3 
8 160 7.66 | Not analyzed 7.30 0.9 
9 240 8.34 | Not analyzed 7.42 0.7 
10 320 | 8.37 | Not analyzed | Trace 
il 400 | Not analyzed | Trace 


This, however, is not possible with AlPO,, which is very insoluble, although 
82 per cent of the added phosphorus remained in solution (table 3). The 


chemical reaction represented by the equation, 


Al(OH): + CaH4/PO,.), = AIPO, + CaHPO, + 3H,0 


Le a 
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therefore, is incomplete. The results of these experiments do not substantiate 
the general opinion that aluminum renders phosphorus highly insoluble in an 
acid-soil medium. 

The results of titrations of CaH,(PO,)2 with KOH in several concentrations 
(3), with Ca(OH)s in different concentrations (table 1), and with Al(OH); 
and Fe(OH); (table 3), clearly indicate that the change in reaction of the solu- 
tion of CaH,(POs,)2 from acid to alkaline is accompanied by the change from 
the mono- to the di- and tri-phosphates, which are less soluble. The data 
obtained in these titrations also point to pH 5.6 or slightly above as the region 
of CaHPO,-formation. 

The reaction at which the most marked change occurs in phosphorus solu- 
bility is not the same in all of the titrations, but it approaches the neutral point. 
When a mixture of Ca(OH). + 4Fe(OH); was titrated with CaH,(PO,). 


TABLE 4 
Solubility of phosphorus in titration of [Ca(OH)2 + 3Fe(OH)s] with CaH«(POs)2 
25.5 cc. saturated solution Ca(OH). per flask. Time; 14 days. 


RATIO: | 
FLASK NUMBER CaH«(POs)2 j pH — in 
Ca(OH): 

per cent 

1 } 6.93 2.8 
‘ 3 6.72 3.9 
3 3 5.63 25.3 
4 9.103 40.6 
5 1} 5.55 54.8 
6 13 5.61 60.2 
7 12 5.56 00.4 
8 5.46 66.4 
9 24 5.39 70.5 
10 23 5:34 73.0 


(table 4) the change in phosphorus solubility was very sharp, occurring between 
pH 5.6and pH 6.7. A marked change also occurred between pH 6.8 and pH 7 
in the titration of CaH,(PO,)2 with Fe(OH); alone (table 3), but with (AIOH); 
(table 3) this marked change in phosphorus solubility was not obtained. 
Ca(OH). (table 1) caused a rapid but rather uniform decrease in phosphorus 
solubility, which was decidedly low at the neutral or slightly alkaline reaction. 
In a mixture of CaH,(PO,)2 and Fe(OH); or of CaH4(POx)2 and Al(OH); 
titrated with Ca(OH). (table 5) a uniform and rapid decrease in phosphorus 
solubility occurred. 

Phosphorus in a soil medium is subjected to the influence of the compounds 
of calcium, magnesium, sodium, potassium, iron, and aluminum, and the reac- 
tion of the soil together with many other soil factors. It is a recognized fact 
that soluble phosphorus when added to a calcareous soil reverts to the less 
soluble forms. It is shown by these experiments that the reverting action does 
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not progress to the formation of insoluble Cas(PO.)2, but to CaHPO,. In the 
presence of magnesium, sodium, and potassium a certain amount of the phos- 
phorus is combined with these elements, tending to increase the quantity of 
soluble phosphorus. The supply of iron and aluminum in most soils far ex- 
ceeds that required to convert ail of the soil phosphorus into FePO, and AlPQ,, 
respectively, and since CaH,(PO,)2, when titrated with Al(OH)s, is not made 
insoluble by the formation of AlPO, it can not be considered that the phos- 
phorus is thus made insoluble in the soil in the presence of other compounds 
with which both aluminum and phosphorus may react. The reaction of the 


TABLE 5 
Solubility of Phosphorus in Titration of [CaH«(PO,)2 + 4Fe(OH)s] and of (CaH,(PO.) 2+ 
Al(OH) 3] with Ca(OH)2 
0.11832 gm. CaH,(PO,): per flask (equiv. to 200 pounds acid phosphate per acre). Total 
volume; 250cc. ‘Time; 14 days. 


| 


RATIO: | {CaH«(PO,): + 4Fe(OH)s] [CaH«(POx): + Al(OH)s] 
FLASK NUMBER Ca(OH): 
i 
| per cent per cent 
x No Fe(OH): 3.50 100.0 3.50 100.0 
0 0 3.33 86.9 4.26 97.2 
1 i 6.24 81.0 6.49 81.0 
2 } 6.24 63.5 6.57 60.1 
3 a 6.00 51.3 6.47 43.9 
+ 1 6.10 37.0 6.78 32.3 
5 1} 6.20 26.3 6.78 17.8 
6 13 6.49 16.0 752 13.4 
7 13 6.81 6.1 7.35 2.8 
8 2 6.95 i2 oa ar 
9 | 24 7.57 0.4 7.69 2.3 
10 | 2% 8.25 | Not analyzed 8.57 1.1 
11 } 8.77 Not analyzed 8.94 Te | 
12 | 3 8.96 | Not analyzed : U.7 
13 3} | Not analyzed 0.4 
4 34 ona 0.2 ao 0.5 
15 3} een oe 0.2 oe Trace 
16 4 fies | Trace 


soil, which is in reality only a measure of the balance of the H*- and OH-- 
ions, is important in the consideration of phosphorus solubility since any 
substance introduced which changes the medium from an acid to an alkaline 
reaction, is accompanied by a decrease in the phosphorus in solution, because of 
the reversion of the phosphorus. The reaction, however, can not be taken as 
an index to phosphorus solubility, for in some soils even as acid as pH 4.5 (2), 
the soluble phosphorus is extremely low, though soluble phosphorus has been 
added to the soil. In view of the foregoing data, the great insolubility of 
phosphorus can not be due to the soil reaction or to the content of iron and 
aluminum but must be due, at least in part, to other yet unknown factors. 
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SUMMARY 


In the titration of CaH,(PO.)2 with CaO, both CaHPO, and Ca3(POx)s 
are formed, but only CaHPQ, is formed in the titration with CaCO. 

Fe(OH); was much more active in making the phosphorus insoluble than was 
the Al(OH). 

The data obtained in these experiments do not substantiate the general 
belief that aluminum renders phosphorus highly insoluble in an acid soil 
medium. 

The region of formation for CaHPO, is at pH 5.6 or slightly above. 

In general a change from acid to alkaline reaction is accompanied by a rapid 
decrease in phosphorus solubility. 
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Many papers have been written during the last few years dealing with the 
determination of the amount of colloidal material in soils. The methods pro- 
posed differ widely, and include the absorption of gases and dyes, the heat of 
wetting, and the total exchangeable bases. These methods recognize the fact 
that colloids obtained from different soils differ in their properties, so that it is 
necessary to prepare a standard for each soil by isolating some of its own colloid 
by the supercentrifuge. An objection to this procedure is that it assumes that 
this small proportion of the colloid isolated is representative of the whole, and 
Anderson (1) has shown that this is very far from accurate. Similarly, an 
attempt made here to use the imbibitional water (volume moisture equivalent 
minus xylene-equivalent) as an index to colloid content was defeated at the 
outset by the observation that the colloidal material separated in three stages 
gave quite different values; namely, 229, 193, and 171. Nothing less than the 
isolation of the whole of the colloidal material for the preparation of the stand- 
ard would avoid this objection. Two years ago, the author expressed the 
view (5) that, excluding organic colloidal material, the colloid content was 
identical with the clay content as determined by mechanical analysis. This 
view was put forward to explain the fact that a clay separate on being passed 
repeatedly through the supercentrifuge continues to yield “ultra clay” until, 
as far as can be ascertained, the whole of the fraction less than 2u in diameter 
is obtained in this form. This appears to be a direct proof of the identity of 
ordinary clay with “ultra” or colloid clay, but comparison with the clay con- 
tent of soils with their colloid content, as determined by one of the methods 
mentioned above, has shown that discrepancies frequently occur. Thus Gile 
and others (4) refer to a group of 30 soils which averaged 23 per cent of colloid 


1 Since this communication was despatched, the April number of Sort ScrENcE has been 
received containing Dr. Bouyoucos’ paper on the hydrometer method of determining soil 
colloids (Soil Sci. 23 (1927): 319-331). This is, of course, a rapid approximate method for 
determining the clay together with a portion of the silt fractions. There is a theoretical diff- 
culty in that the depth of the center of the hydrometer bulb below the surface (as seen from the 
photograph) will vary from about 5 to 15 cm., so that to estimate the concentration of particles 
of a fixed range, the time of settling should vary from 7 to 22 minutes. This could be calcu- 
lated when the probable equilibrium position of the hydrometer had become apparent. 

As a method for the determination of soil colloids, it is open to the objection that it deter- 
mines silt as well as clay, and it is not justifiable to include silt as a soil colloid. 
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as determined by the method of water adsorption, but contained only 19 per 
cent of clay as found by mechanical analysis. 

An opportunity occurrred to test this point further, through the kindness of 
Mr. F. W. Parker who sent the author samples of the soils providing the data 
in table 1 of his paper on base exchange in soil colloids (7) which contains the 
results of determinations of the colloidal material in soils by three different 
methods. These soils were subjected to mechanical analysis, and the results 
together with those taken from Mr. Parker’s paper, are given in table 1 divided 
into two groups according to whether the colloid content was or wa= not in fair 
agreement with the clay content. 


TABLE 1 
Results of the mechanical analysis of certain soils 


{ 
| COLLOID CONTENT BY METHOD OF MECHANICAL ANALYSIS 


Replacable | Water Heat of 
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absorption | wetting Clay Silt 


per cent per cent 
7.4 
16.4 
5.4 
36.7 


Orangeburg 
ee 
EPMO esos oeadces weanl 
Hollywood 

Wooster 


ry 
_ 


| 
| 
| 


aARE AO 
noone On > 


bo bt 
~I = U1 00 


bu 
ne me Ue A 


— OU UO Ww 


wnt Ut 


| 
| 
| 
| 
| 
| 


nN 


mw uw 
Aw. oT — CO 
suo UI 

} =F 00 


m= WH 


| 
| 
| 
| 
| 


w | 
~I 


Clarksville 
Saginaw 
Oktibbeha 


The table shows that in every case where there is an important discrepancy, 
the content of colloid is larger than that of the clay. The question immediately 
suggests: ere the properties forming the basis of the methods for determining 
the former, as has been frequently assumed, peculiar to the colloid portion of 
the soil? The assumption is based on very little experimental evidence. 
Anderson (1) found that quartz, orthoclase, hornblend, and muscovite, ground 
to pass a 130-mesh sieve? gave negligible heats of wetting, but this fineness 
corresponds only roughly to that of the sand fraction, as silt (less than 0.02 mm.) 
would require a 600-mesh sieve to separate if from sand. 

3ouyoucos (2) gives 8.8 calories per gram as the heat of wetting of silica, 


2 It is assumed that the 130-mesh sieve has apertures x44 of an inch wide. 
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which may be compared with 11.94, the mean value for 8 soil colloids given by 
the same author (3). Powdered silica also possesses considerable absorbing 
power for water vapor. 

Another property shared by colloid and non-colloid material is that of a high 
water-holding capacity, which is best measured by the imbibitional water. 
This has been shown in a recent publication (6) to be possessed in a marked 
degree by silt fractions entirely devoid of very small particles, and of the 
properties of plasticity and shrinkage. The same remarks apply to powdered 
silica. 

Non-colloidal bodies are known to possess base-exchange properties. The 
literature abounds in patents for the preparation of water-softening materials 
of the permutite class by subjecting clay to a temperature at which (according 
to Bouyoucos and others) the colloid properties completely disappear. It has 
also been found in this laboratory, that separated and washed silt fractions have 
considerable base-exchange properties, two samples having been found to con- 
tain 0.2 and 0.5 per cent of replaceable calcium, respectively. 

Unless. therefore, the term “colloid” in soil or ceramic science is to be 
stretched to include bodies devoid of plasticity or shrinkage and incapable of 
forming stable suspensions, it is impossible to avoid the conclusion that none 
of the above methods for the estimation of soil colloids is satisfactory. 

Thus, a soil which, because of its deficiency in clay, was unsuitable for a 
particular agricultural proposition, would not be improved by a dressing of 
charcoal, although this would certainly raise its power of dye-absorption. 

The most important properties of a soil which are due to inorganic colloids 
are known when the amount and nature of the clay fraction are known. The 
study of the clay fraction as a whole instead of the “ultra clay” (for the prep- 
aration of which few laboratories possess the facilities) will give in a simpler 
and more accurate form, the information required for agricultural or ceramic 
work. 

The choice of a property to characterize the clay fraction is difficult, for 
whereas the different properties examined show on the whole an excellent cor- 
relation, serious exceptions are not uncommon. Until these are explained, it 
would probably be better to choose a property directly connected with char- 
acters of importance in the field. The Atterberg plasticity number would be of 
great value if a simple method for its determination could be worked out. 
Meanwhile, either the chemical composition of the clay (as indicated by its 
silica-alumina ratio) or any of the properties referred to in this paper, give in- 
formation as to the nature of the clay, which is sufficient in the majority of 
cases. 

With regard to opinions as to the amount of colloidal material present, the 
swing of the pendulum has been extreme. It is a long way from the older 
views of Schloesing, that only a small part of the clay is colloidal, to those of 
the present day in which more colloid than clay is said to be present. A de- 
termination of the clay content itself is the reasonable outcome of these ex- 
treme views. 
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SUMMARY 


The determinations of the amount of soil colloids by heat of wetting, ab- 
sorption methods, or base-exchange, usually give results higher than those 
for the clay content as determined by mechanical analysis. The above 
properties are, however, possessed by bodies such as silica, silt, and “‘permu- 
tite” which, from the point of view of soil and ceramic science, cannot be 
termed colloids. At present, the inorganic soil colloid content may be taken 
as synonymous with the clay content. 
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INTRODUCTORY 


In the great majority of investigations dealing with the decomposition of 
organic materials in the soil or by pure or mixed cultures of microérganisms, 
the formation or accumulation of only one of the final products of the reaction, 
such as carbon dioxide or ammonia, is commonly measured. In some cases, 
the disappearance either of one of the initial constituents of the organic matter, 
such as sugar, pentosan, or cellulose, or of the total organic matter itself is 
determined. Such methods of procedure may supply information upon cer- 
tain specific transformations of some of the more common or more important 
constituents of the organic matter, but they are far from giving a complete 
picture of the complex processes taking place in the soil to which are added 
natural organic materials, in the form of plant stubble, green manures, and 
stable manures. Since the organic matter commonly added to the soil con- 
sists of more than one definite chemical constituent and the products of the 
reactions carried out by the soil microflora and microfauna are numerous, 
the decomposition of one constituent of the organic matter and the various 
reactions involved and the products formed cannot be studied separately, 
but the transformations of the various other constituents of the organic matter 
must also be considered. The measure of the rate of change of a single in- 
gredient of the complex organic material may be sufficient for the purpose of 
following the course of the particular change taking place. To obtain definite 
information on the complexity of the changes which result when organic matter 
is added to the soil, to gain some insight into the mechanism of the processes, 
and especially to learn the nature of the residual substances which resist de- 
composition by microérganisms and which contribute to the so-called soil 
“humus,” it is essential to determine the changes which the various constitu- 
ents of the plant materials undergo in the soil when acted upon by micro- 
organisms. 

It is not at all necessary to carry out a complete, detailed analysis of the 


1 Paper No. 346 of the Journal Series, New Jersey Agricultural Experiment Station, De- 
partment of Soil Chemistry and Bacteriology. 
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composition of the plant materials which are usually introduced into the soil, 
to be able to determine more definitely the mechanism of their decomposition. 
A proximate quantitative analysis which would account for the most im- 
portant constituents of the plant material is sufficient for this purpose. Such 
a proximate analysis has been proposed for wood by Dore (3, 4), Schor- 
ger (7), Schwalbe (8) and others. For the study of the composition of plant 
materials added to the soil and of the nature of decomposition processes, these 
methods have to be variously modified, for three reasons: first, because of the 
difference in the nature of the materials used; secondly, because the soil has 
to be used frequently as the medium for analysis, and the presence of a con- 
siderable amount will greatly influence the selection of the methods to be used 
in analyzing a small quantity of organic matter added; and thirdly, because 
of the difference in the very nature of the problem, which involves also a 
study of the composition of new organic materials, synthesized by the soil 
microérganisms. 

The chemical methods commonly employed in foodstuff analysis are alto- 
gether unsatisfactory for this purpose, since those methods are based more 
upon the digestibility of the materials than upon their exact chemical nature. 
Digestibility of an organic substance in the system of an animal results in a 
group of processes altogether different from the transformation of the same 
organic substance added to a normal cultivated soil. The terms “crude fiber” 
and “nitrogen-free extractives” may be quite satisfactory for food analysis 
but their use ina study of the nature of soil organic matter or the transforma- 
tion of natural organic matter added to the soil would tend to render unin- 
telligible the very processes that are under investigation. These and other 
consicerations account for lack of sufficient knowledge concerning the nature 
of soil organic matter or soil “humus” (10). 


EXPERIMENTAL 


The following constituents of the natural organic materials are most im- 
portant in influencing the rapidity of decomposition of organic matter added 
to the soil. They allow a determination of the causes for the slow or rapid 
liberation of the nitrogen of the organic matter in an available form, and of 
the influence of the carbohydrates present in the plant upon the transforma- 
tion of the nitrogen complexes. The amount and nature of the residual 
material left in the soil as a result of the decomposition of the plant materials 
added can also be measured. This material becomes a part of the soil organic 
matter and is commonly referred to as “humus.” These major plant constit- 
uents can be grouped conveniently as follows: 


1. Ether-soluble fraction. The fats and waxes soluble in ether are decomposed only slowly 
by microérganisms. They may accumulate in the soil and may even influence the rapidity 
of decomposition of the other plant constituents (11). A determination of these is, there- 
fore, of importance. Frequently benzene or an alcohol-benzene mixture is used for extracting 
this group of substances. The alcohol-soluble materials have not been determined in this 
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system of analysis, since alcohol extracts from plant material certain sugars and amino com- 
pounds, which are also water-soluble and which undergo rapid decomposition when intro- 
duced into the soil. Alcohol also extracts certain lignins, which resist decomposition and 
which are otherwise determined in the “total lignin” and in the “alkali-soluble” fractions. 

2. Water-soluble fraction contains those ingredients of the natural organic materials which 
are the first to undergo decomposition when acted upon by microérganisms; the greater the 
content of water-soluble materials in the plant residues, the more rapidly will decomposition 
set inand be completed. Cold water extracts the simple carbohydrates and their derivatives, 
various amino acids and peptides, and soluble minerals. Hot water extracts the starches, 
to some extent the pectins, certain hexosans, and various nitrogen compounds. 

3. Cellulose and hemicelluloses decompose much more slowly than the water-soluble frac- 
tion, but they decompose readily and completely (5, 11). They form the largest group of 
constituents of natural organic matter of plant origin added to the soil. Since these poly- 
saccharides are free from nitrogen, the rapidity of their decomposition will depend on the 
amount of nitrogen in the plant material or on the available nitrogen present in the soil. 

4. Lignins decompose in the soil only very slowly and contribute, therefore, largely to the 
organic matter which accumulates in the soil and which is resistant to decomposition (so- 
called “humus’”’). A knowledge of the concentration of this fraction is very essential. 
Furthermore, it has been shown elsewhere (11) that not oaly do lignins decompose only very 
slowly, but their presence in the natura] plant materials hinders somewhat the rapid decom- 
position of the celluloses with which they are combined in the form of ligno-elluloses. 

5. Proteins and their derivatives. A knowledge of the total nitrogen content, of the nature 
of the protein compounds, and of the relation between the available carbon and nitrogen in 
the organic matter added to the soil, is of prime importance in our understanding of the avail- 
ability of the nitrogen in organic residues. 

6. Ash. The amount and nature of minerals in the organic matter is frequently of great 
importance in influencing the decomposition of the plant material added to the soil. 


Various natural organic substances were analyzed by these methods, both 
in the presence and in the absence of a large excess of soil; the results were 
found to be rather satisfactory, with the exception of the lignin determina- 
tions. This substance or group of substances is usually obtained by treating 
a natural organic material with strong sulfuric (72 per cent) or fuming hydro- 
cyloric (42 per cent) acid, or a mixture of sulfuric and hydrochloric acids. 
The part of the natural organic material which is free from fats, waxes, and 
ash, and which is not acted upon by the acid, is considered as lignin. Lignin 
is considered to be a single chemical complex, the composition of which is 
fairly well known. When the analysis, however, has to be carried out in soil, 
in which considerably less than 1 per cent organic matter is frequently present, 
the determination of the residual lignin by treatment with acids is out of the 
question, because 90 to 98 per cent of mineral soils will also remain unacted 
upon by the strong acids. To obviate this difficulty, the analysis of lignin in 
the soil can be based upon its ability to dissolve in alkalies. Most of the 
lignin is brought into solution only after continuous treatment at very high 
pressures and temperatures (6). At low temperatures and pressures, and 
even at 15 pounds pressure in the autoclave, only 50 to 60 per cent of the 
lignin may dissolve in alkalies. This phenomenon has to be kept in mind in 
applying the various methods of analysis to organic matter present in soil. 


278 SELMAN A. WAKSMAN AND FLORENCE G. TENNEY 


For the following investigations five organic materials were selected: 


1. Wheat straw, obtained after harvesting the mature crop and threshing out the grain; 
the straw itself was finely ground and included both the stems and leaves. 2. Ground stems 
of saw grass (Cladium effusum). 3. Ground roots (including the lower part of the stems) 
of saw grass; these two samples were supplied by Mr. Hunter of the Everglades substation, 
Florida, to whom the authors are indebted for the courtesy. 4. Ground soybeans (soybean 
meal); as the plants were harvested just before the pods began to form, the material repre- 
sents a plant substance rich in nitrogen, obtained during the active stage of growth. 5. 
Young rye seedlings; these were grown in pots in the greenhouse, for 6 weeks, until the plants 
reached a height of 12 to 15 inches; the moisture content of these plants was 82.8 per cent; 
the plants were dried at 65°C. and then ground. 


ANALYTICAL METHODS 


Samples of the materials were, always dried at 100°C. to constant weight 
and the results obtained in the following analyses are reported on an oven-dry 
basis: 

Ether extract. Five-gram portions of the material are extracted for 24 hours 
with cold ether in a closed flask.2 The solvent is removed and the organic 
material again extracted twice with ether. The combined solvent is evapo- 
rated to dryness and the residual material dried, in weighing bottles, to a con- 
stant weight at 100°C. The results thus obtained were found to check very 
closely with the loss in weight of plant substance, as a result of extraction. 

Cold-waier extract. The residue from the ether extraction is treated with 
150 cc. of distilled water and allowed to stand in the cold for 24 hours. The 
presence of traces of ether, which serves as a disinfectant, prevents the de- 
velopment of microdrganisms in the aqueous extract. The extract is filtered 
through filter paper, and the residual organic matter washed several times 
with water. The filtered aqueous extract is made up to volume and divided 
into three portions: one-half is evaporated to dryness in platinum dishes, then 
weighed and ignited, giving the total water-soluble portion and the water- 
soluble ash; one-fourth is used for total nitrogen determination, by the 
Kjeldahl method; and one-fourth is used for the determination of reducing 
sugars, by the Bertrand method. In some instances, especially in the analysis 
of decomposing material, only one-quarter of the extract is used for total 
organic matter and ash, and the remaining quarter for ammonia (by dis- 
tillation with MgO or by the aeration method) and nitrate determinations. 
The residual plant material, from which the water-soluble portion has been 
removed, is then used directly for the alkali extraction. In some cases the 
material is extracted with boiling water, for 30 minutes; this brings into solu- 
tion the starches and certain other hexosans (especially in microbial pro- 
toplasm), some pectins, and certain nitrogenous compounds. The hot water 


2It was found later that the yields thus obtained are somewhat lower than those ob- 
tained by extraction in a soxhlet for 12 to 24 hours. The latter method of extraction is to 
be preferred and was used in the subsequent studies. 
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extract is analyzed in the same manner as the cold water extract, except 
that one-quarter of the solution is boiled with 2 per cent hydrochloric acid, 
before the sugar determination is made. 

Alkali extract. One-hundred-cubic-centimeter portions of a 5.0 per cent 
solution of sodium hydroxide are added to the residues from the aqueous ex- 
traction and heated in the autoclave for 30 minutes at 15 pounds pressure. 
About 50 cc. of cold distilled water is then added to each flask and the extract 
filtered through dried and weighed filter papers. Another 50-cc. portion of 
the same alkali solution is then added to the residue of each preparation, 
which has been removed carefully from the paper, and the extraction is 
repeated in the same manner. Filtration is repeated through the same filter 
paper. The residue is washed with water, with dilute acetic acid, and again 
with water, then dried and weighed. The difference between the weightsof 
the residue after the cold water and after the alkali extractions gives the amount 
of material soluble in 5 per cent sodium hydroxide solution. In the presence 
of soil, this portion is found by evaporating, in silica dishes, an aliquot portion 
oi the solution previously neutralized with HC] solution, then drying, weighing, 
igniting, and weighing. The alkali extract is treated with sufficient hydro- 
chloric acid to give an excess of 2 per cent acid in solution; this solution is then 
boiled for 30 minutes and the precipitate filtered off upon weighed papers. 
The precipitate is washed with water, dried and weighed, and analyzed for 
total nitrogen. The weight of the precipitate, from which the protein con- 
tent is subtracted (nitrogen content X 6.25), represents the alkali-soluble 
lignin of the preparation. The amount of lignin thus obtained is only a 
definite part of the total lignin present in the plant material, amounting to 
not more than 50 to 60 per cent of the total lignin obtained by treatment with 
acids (“acid-lignin’”’). The filtrate from the lignin is analyzed for total nitro- 
gen and for total reducing sugar. This sugar represents some of the hemi- 
celluloses (including some of the pentosans and the starches) which are soluble 
in alkalies and which are hydrolized by 2 per cent hydrochloric acid at boiling 
temperature. 

Treatment with 2 per cent sulfuric acid. ‘The residue from the alkali extract 
is then treated with 100 cc. of a 2 per cent sulfuric acid solution, at boiling 
temperature, for 30 minutes. The residue is washed with water, dried, and 
weighed. The extract is used for sugar determination. This sugar represents 
another part of the hemicellulose of the plant material. 

Cellulose. A definite part of the residue from the acid extract is treated with 
an ammoniacal copper solution (modification of Schweizer’s reagent), to 
extract the cellulose, which is then precipitated with alcohol, washed with 
hydrochloric acid and distilled water, dilute alkali solution, water, dilute acid, 
water, alcohol and ether; the precipitate is then dried, weighed, ignited and 
weighed again, according to the method suggested by Charpentier (2). This 
procedure is to be preferred to the chlorine and sulfur dioxide treatments, 
because of the ease of manipulation. It was also found to give at least as 
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reliable results as the method used by Bengtsson (1), whereby the lignins are 
removed with sodium bisulfite and hydrochloric acid solution. 

Lignins. Two-gram portions of the original material are treated, in glass- 
stoppered containers, with ether, and, after the removal of the ether extract, 
with a mixture of 10 cc. of an 18 per cent hydrochloric acid solution and 50 cc. 
of a 72 per cent sulfuric acid solution, as suggested by Schwalbe (9). The 
reacting mixture is allowed to stand for at least 30 minutes and is then trans- 
ferred with 300 cc. of water to Erlenmeyer flasks and boiled for 30 minutes. 
The lignin is filtered off upon weighed paper, washed with water, dried, weighed, 
and ignited. The loss in weight may be taken as lignin, although, especially 
in the case of substances rich in nitrogen, the nitrogen content of the lignin 
may be considerable and should be accounted for. 

Pentosans are determined by the ordinary phloroglucide method. 


TABLE 1 


General analysis of plant materials on a moisiure-free basis 


SOYBEAN 
GR! i MEAL YOUNG 
MATERIAL sreaw | stems, | boots | (CROUND | Rye 

| PLANT) 

{ 

per cent per cent per cent per cent per cent 
J ee 1.10 1.14 0.90 3.80 235 
Organic matter, soluble in cold water. . 5.57 6.87 ae | 22.09 29 .54 
Lignin (ash-free, protein-free)........} 21.60 29.09 30.90 13.84 10.61 
ES ie ches Nook hoa tos 39.10 28.31 30.74 28 .53 17 .84 
PP Nic leet wt ae 26.35 21.45 20.75 11.08 12.67 
Protein (insoluble in cold water)..... 2.10 7.19 3.81 | 11.04 12.26 
Ie eee en tows ee eich dcrwiee 3.53 3.89 3:57 4 94% 12.55 
EE eae 99.35 | 97.94 | 95.88 | 99.52 | 97.82 


Proteins, insoluble in cold water, are determined by subtracting the water- 
soluble nitrogen from the total nitrogen, then multiplying the difference by 6.25. 

Table 1 gives the proximate analysis of five different plant products. 

The alcohol extract is not reported in this analysis, since it represents sub- 
stances already reported under the different groups. For example, alcohol 
extracted from the saw-grass stems 3.88 per cent of the material and from the 
saw-grass roots, 2.32 percent. This extract, upon the removal of the alcohol, 
was found to consist of 62.2 per cent lignin, when determined by the hydro- 
chloric-sulfuric acid method. The remaining 37.8 per cent of the alcohol- 
soluble fraction could be partly accounted for by the soluble sugars and nitro- 
gen compounds. In other words, since part of the lignin and certain nitro- 
gen compounds and sugars are soluble in aicohol, the inclusion of this fraction 
is not justified. 

The results obtained by analyzing the water-soluble fraction for reducing 
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sugars, soluble nitrogen, and soluble minerals (as ash) are given in table 2. 
Only about a half of the fraction is thus accounted for, since no attempt has 
been made to determine the soluble organic acids, glucosides, starches, 
pectins, and other hemicelluloses and their derivatives. 

The results obtained by treating the preparations (after removing the 
ether and water-soluble fractions) with 5 per cent sodium hydroxide, under 
pressure, are given in table 3. Practically two-thirds of the extract is ac- 
counted for. The widest discrepancy is found in the case of the wheat straw, 
largely because of the difference between the high pentosan content (26.35 
per cent) in the straw and the comparatively low yield of reducing sugars in 


TABLE 2 


Analyses of water-soluble fraction, in per cent of original material 


RE SAW-GRASS | SAW-GRAS! YOUNG 

mAREErOre mae , “." ; “a — Pein 

ii ate 7 ptegee i per cent percent per ceni per cent 

RGANCING SURAT: oc 5005 cones 05h 142 1:52 0.40 4.08 6.78 

Nitrogen, as protein ........6.c.e sees. 0.38 0.66 0.35 239 4.% 

Water-soluble minerals.............. 1.0 1.66 1.20 4.00 9.54 

Total accounted for... :.... 60.6.4. | 2.50 3.84 1.95 10.43 21.22 

Total found........ | 5.57 6.87 5.21 22.09 29 .54 
TABLE 3 

Analysis of the atkali-soluble fraction, in per cent of original material 

ne - YOUNG 

sista percent per cent percent per cent per cent 

Alkali-soluble lignin................. 10.08 11.95 13.44 yy 4.49 

Nitrogen, as protein................ 0.68 2.30 1.28 5.75 8.81 

Hemicellulose, as reducing sugar.... . 13.00 18.77 19.77 2.55 8.45 

Total accounted 108... 0.66 cece) BEAG 33.02 34.49 11.01 YY 

Total extract found..................| 40.52 50.20 41.70 17 .66 32.45 


the extract. The unaccounted-for portion of the alkali solution may consist 
of degradation products of celluloses and lignins, as well as of some soluble 
forms of these substances (pro and hemi forms). 

To demonstrate whether the lignin obtained by extracting the material 
with alkali and precipitating with an excess of acid (on boiling) is the same as 
the acid lignin obtained by the action of concentrated acids, the alkali lignin 
was treated with a mixture of hydrochloric and sulfuric acids. Between 90.2 
and 93.3 per cent of the alkali lignin was recovered as acid lignin. In other 
words, although only a part of the lignin, amounting to about 40 to 45 per 
cent of the acid lignin, is soluble in 5 per cent sodium hydroxide at 15 pounds 
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pressure, this alkali lignin is practically identical in its reaction with the acid 
lignin. 

Table 1 shows that, by this method of analysis, practically all of the constitu- 
ents of natural organic materials, especially those of plant origin can be 
accounted for. This is especially true for the wheat straw, the soybean meal, 
and the rye plants, representing three of the most common organic materials 
usually added to the soil. The results for the saw grass fall short by 2.06 
per cent in the case of the stems and by 4.12 per cent in the case of roots. 
This discrepancy can readily be accounted for, when the results for the pento- 
san determinations are compared with the results obtained by determining 
the reducing sugars in the alkali extract (neutralized with hydrochloric acid 
and boiled in the presence of an excess of acid) and in the 2 per cent sulfuric 
acid extract. In the case of the saw-grass stems, the sum of the reducing sugars 
thus obtained is 22.51 per cent, and in the case of the roots 25.05 per cent, 
whereas the corresponding results of the pentosan determinations are 21.45 
and 20.75 per cent. In other words, the determination of the reducing sugars 
in the alkali and acid extractions gave 1.06 per cent, in the case of the stems, 
and 4.30 per cent, in the case of the roots, more than the pentosan determina- 
tions, indicating that this plant contains other hemicelluloses (galactans, 
mannans, etc.), which are not accounted for by the pentosans. 

The analyses of the alkali-soluble fraction are especially illuminating in 
regard to the lignin determinations. Between 40 and 50 per cent of the lignin, 
obtained by direct treatment with concentrated acids, is found in the alkali 
extract of wheat straw and saw grass; however, not more than 20 per cent 
of the total lignin is found in the alkali extract in the case of the soybean meal. 
Whether this is due to differences in the nature of the lignin or to the influence 
of the high protein content upon lignin extraction with alkali (the alkali ex- 
tract of soybean meal precipitated with acids and boiled in the presence of 2 
per cent acid is rich in nitrogen and when the protein and ash contents are 
subtracted, the amount of lignin left is inconsiderable) remains to be seen. 
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The loss of gaseous nitrogen from nitrogenous compounds at any stage in the 
natural cycle is of interest to the agriculturist and sanitarian alike. In the 
voluminous literature on the subject, justifiable borrowing of experimental data 
from one field by the other is common; unfortunately though, the borrowed 
data are occasionally used without a just appreciation of the technical pitfalls 
confronting the experimenter. Among agriculturists it is generally conceded 
that loss of gaseous nitrogen under any but very abnormal field conditions is 
entirely negligible, though contributions now and then indicate disagreement 
over details of lesser practical importance. Likewise the sanitary engineer 
has largely ceased to worry about the nitrogen content of his sludge, since 
difficulties in obtaining a marketable fertilizer have dampened his enthusiasm 
for this project. Here also, however, the academic interest is still alive and 
unsatisfied. It seemed of general interest, therefore, to summarize briefly 
the more recent work on this question of nitrogen loss, with particular em- 
phasis on the need for circumspection in evaluating such data. 

The question of nitrogen transformations in the soil has been ably reviewed 
by Grimbert (21), Gage (19), Hulme (27), and others, and the present views of 
agricultural bacteriologists seem to be adequately stated in the recent texts 
(12, 25, 29, 34, 38). The nitrogen losses by cropping and by the washing out 
of soluble salts do not concern this discussion, which is confined to the losses 
occasioned by free nitrogen production. 

The power to reduce nitrate, under favorable conditions, to nitrogen or 
nitrogen oxides is possessed by relatively few bacteria (29). Most textbooks 
in discussing the pioneer work of Maassen, imply that 85 of the 109 organisms 
studied had this power of complete nitrate reduction, whereas the 85 for the 
most part showed only partial reduction to nitrite or ammonia. Gage (18), in 
a study of 5300 cultures, also found that 85 per cent of them could reduce 
nitrate more or less completely. The same author (19) ran complete nitrogen 
balances on 30 cultures grown in peptone broth with and without the addition 
of nitrate. When the results falling within the range of experimental error 
were omitted, the remainder comprised 22 cultures either losing or gaining 
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nitrogen in the peptone alone and 23 losing or gaining in the presence of 
nitrate. Clearly the nitrate did not favor any marked loss of gaseous nitrogen. 
These observations are not in accordance with the well-known findings of 
Stoklasa and Vitek (49) and of Grimbert and Bagros (22). More recently 
Groenewege (24) has demonstrated the production of nitrous oxide in the fer- 
mentation of formates in the presence of nitrate, and Lemoigne and Dopter 
(31) report losses varying up to 57 per cent after one month and 78 per cent 
after two months when denitrifying species were grown in legume bouillon to 
which purine and nitrate had been added; these losses were believed to depend 
upon autolysis of dead cells in an over-crowded culture. Other less common 
cases of nitrogen loss are on record and are of great theoretical interest; e.g. 
the production of nitrous oxide by B. hyponitrosus of Mair (33), and the well- 
known Thiobacillus denitrificans of Beijerinck. 

It seems undeniable that certain bacterial types under suitable conditions 
can occasion nitrogen losses either as the gas or asits oxides. These conditions 
are usually regarded (29) as the presence of nitrate, the presence of specific 
microérganisms, excess of readily assimilable organic food, and limited access 
of oxygen. To these might be added the favorable reaction of the medium 
which varies with the different organisms (2, 44, 45) and favorable temperature 
(26). It is also generally conceded (30, 50) that all the necessary conditions 
rarely occur in practice at any one time, though an improperly handled manure 
heap may show large losses (14, 15, 37), and there is some evidence of similar 
losses in flooded soils (2, 30). Errors in interpreting pot cultures or solution 
cultures in terms of field conditions have frequently been discussed (13, 39, 48) 
and need not be reviewed here. The interesting work of Prince (41) on the 
coefficient of variability in soils with nitrogen determinations as criteria is 
likewise very instructive, and the need for long-continued experiments with 
statistical treatment of the data is becoming more generally appreciated. 

Studies on the chemical nature of the nitrogenous matter in soil (4, 28, 43) 
and the effects of chemical compounds on denitrification (5, 9, 17, 32, 47) are 
paving the way for a complete explanation of the phenomenon and of nitrogen 
loss. The production and spontaneous degradation of ammonium nitrite isan 
attractive possibility, but essentially without proof. The recent work of 
Fowler and Kotwal (16) on the stability of NH,NO; solutions (up to 0.15 
per cent) even at 50°C. discredits this hypothesis, though the possibility of 
catalytic decomposition in the soil remains. For example, Hofmann and Buhk 
(26) have demonstrated the catalytic effect of copper on this reaction; their 
explanation of the effect has been attacked by Dhar (11), but the facts were 
not altered. 

The equation (27): 2KNO, + 3H: + 2CO, = 2KHCO; + 2H,0 + Nz, 
which has recently been wandering through our literature in an unbalanced 
form, is even less probable from the standpoint of free-energy considerations 
than is the direct oxidation of ammonia to nitrogen and water which has been 
revived by Mooser (35). Nitrogen loss from amino acid deamination by ni- 
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trous acid liberated from nitrites by organic acids has also been attacked by 
Fowler and Kotwal (16). Apparently this hypothesis, like the ammonium 
nitrite one, has limited its span of life by being susceptible to experimental 
verification. At present though, we cannot go much behind the statement that 
bacteria, under certain inadequately defined conditions, are capable of destroy- 
ing nitrate with the liberation of nitrogen or its oxides, by a mechanism which 
is either variable or unknown. 

Further evidence of nitrogen losses is forthcoming from the sanitary field. 

Five years ago the authors had the opportunity to review(6) the literature on 
the nitrogen cycle as applied to the aerobic treatment of sewage, and discussed 
the loss of gaseous nitrogen from (a) the reduction of nitrates, (b) the oxidation 
of ammonia, and (c) the decomposition of ammonium nitrite. Upto that time 
a critical review of the literature on the activated sludge process and the 
reduction of nitrates by sewage sludge, together with the authors’ nitrogen 
balance over a 9-month period, failed to reveal conclusive evidence of nitrogen 
lossor gain. Ifsuch losses occurred, the improbable assumption must be made 
that simultaneous loss and fixation occurred at substantially the same rate, 
for in such aeration experiments the gaseous phase is not under quantitative 
control. 

Ardern (2) and his collaborators also found neither loss nor gain in normal 
tank operation, but with very vigorous nitrate production some loss was 
indicated. Reddie (42), working with a sewage abnormally high in nitrogen, 
found losses of 8.6 and 18.6 per cent. Ina recent paper, Cavel (10) reports 
nitrogen losses on aerating activated sludge in the presence of ammonium 
salts. The one experiment reported in detail, using ammonium sulfate, 
showed a loss of 42.4 per cent. From the meager details the experimental 
method seems to be valid, though the concentration of ammonium salt used 
(2 gm. per liter) is many times greater than any encountered in sewage practice. 
Although accentuated changes in nitrogen content are desirable to minimize 
sampling and analytical errors, oneis scarcely justified in assuming that meta- 
bolic processes follow a constant course even when the normal concentration 
of food material is increased 50- or 100-fold. 

Another form of nitrogen loss is thought to result during the anaerobic 
digestion of sewage solids. The gases arising from these digestions usually 
contain appreciable amounts of nitrogen, an observation which is supposed to 
date back to Angus Smith (1) in 1867. The strictly anaerobic experiments of 
Popoff (40), however, showed no nitrogen in the gas until he opened and aerated 
the bottles; the nitrogen content then rose to 53.62 per cent, but after three 
weeks had again become zero. In the work of Scheringa (46) nitrates and 
nitrites were intentionally added and the evolved gases were found to contain 
NO, N20, Nz, and NH;. Groenewege (23) explains the presence of nitrogen 
in the gases of a sewage tank by assuming the oxidation of ammonia to nitrate 
in the surface layer and the subsequent diffusion of the nitrate down into the 
anaerobic regions of the tank. His experimental evidence, although quite 
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extensive, is not very convincing, and it has been pointed out by Buswell and 
Strickhouser (8) that the nitrogen arising from a digestion tank receiving a 
steady flow of sewage can be accounted for as dissolved nitrogen swept out of 
solution by the other gases. Bach and Sierp (3) believed that the intervention 
of nitrate was unnecessary and that bacterial degradation of nitrogenous 
matter could result in nitrogen gas production. To decide this point they ran 
strictly anaerobic laboratory experiments over a period of 268 days. The 
evolved gases were measured and analyzed and daily samples of liquor were 
removed by displacement with tap water. The gas analyses are unfortunately 
given by them only as monthly maxima and minima which the present 
authors have averaged to obtain the approximate volume of nitrogen evolved. 
For their most complete experiment from January to August, a total evolu- 
tion of 1636.1 cc. nitrogen gas can be calculated, and since nitrate and nitrite 
were never detected in the daily 500-cc. samples, the authors present these 
data as evidence of nitrogen evolution from purely digestive processes. It 
is very regrettable that such a carefully conducted experiment cannot be ac- 
cepted as decisive, for if the dissolved nitrogen in the 500-cc. daily additions 
of tap water is calculated over the 268 days a total of 1648 cc. of dissolved 
nitrogen added is found, which is essentially the amount recorded by their 
accurate analyticalcontrol. In some recent, but much less extensive, experi- 
ments, the authors (7) have been able to confirm this solubility effect: over a 
63-day period, 2860 cc. of gas were collected over 8 liters of water and found 
to contain 3.7 per cent nitrogen; a calculation shows 
Neingas = 105.8 cc. 
Nz in water = 98.4 cc. for average room temperature 


Until these experiments have been repeated with due regard for the solubility 
and diffusion of atmospheric gases, the balance of evidence must rest in favor 
of the early findings of Popoff. 

Probably an ideal experiment has never yet been performed inscience, but a 
survey of the literature on the question of gaseous nitrogen loss shows at least 
the need for great caution in interpreting some of the best experimental reports 
and for more adequate verification of many current hypotheses. 
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During the last few years, interest in exchange of bases by soils has been 
on the increase. This has been due, in a great measure, to the experiments of 
Hissink (4, 5) in Holland and to the translation from the Russian (3) of the 
reports of Gedroiz. The revival of interest has added not only to the number 
of workers, but also to the variety of ways in which the subject can be taken 
up. Among the many methods, the application of electrodialysis by Sante 
Mattson (9) introduces a very promising line of attack on the base exchange 
problem. 

Electrodialysis was used by Cameron and Bell (1) for the removal of bases 
and of the hydrolyzed products of minerals; it was also used by K6nig and his 
co-workers (6, 7, 8) on a more extensive scale. Last year, Mattson made a 
preliminary study of the exchangeable bases of the soil removed by V ammo- 
nium chloride and 0.05 N hydrochloric acid compared with those obtained by 
electrodialysis, both from the soil itself and from the colloidal fraction. He 
found that the quantity removable by electrodialysis was fairly definite, and 
agreed with the yields from the treatment with the ammonium chloride and 
the acid. 

Mattson designed the three-chambered cell shown in figure 1. The middle 
compartment enclosed the soil between parchment paper—the paper being 
braced by a glass lattice. The cell was made of soft rubber of U-shape 
(B,,C, Bz) except for the ends, which were of hard rubber (Ai, Az). The whole 
was fastened together by a number of bolts. Electrodes (£,, E2) were made 
of platinum wire gauze and were large enough to extend to the sides and bottom 
of the chambers. Outlets (O,, O2) were provided to draw off the solution in 
the outer compartments. The central chamber for the soil being narrow, the 
resistance to a 220-volt direct current (with a 50- or 25-watt lamp in series) 
did not cause the temperature to rise above 50°C. The experiments here 
reported are concerned with the technique used in the handling of this type of 
cell. 


EXPERIMENTAL 


A cell similar to the one described was prepared and found to work very 
satisfactorily, although the hard rubber outer ends warped somewhat; appar- 


1 Contribution from the Department of Chemistry. 
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ently these also could be made, with advantage, of thin soft rubber, possibly 
backed with a metal sheet. Parchment paper, previously dialyzed to re- 
move sulfates, as described by Mattson, was used for the inner chamber. 
The cost of the cell, excluding the platinum, is not excessive. Two cells can 
be cut from about $20 worth of rubber. The gauze electrodes, 5 by 3 inches, 
were made from 52-mesh, 0.004-inch wire weighing about 0.6 gm. per square 
inch: the two cost $60. A considerable part of the expense can be saved as 
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is indicated in the following discussion on electrodes (p. 294). It was found 
advisable to seal a small glass rod to the top and bottom of the gauze to pre- 
vent tearing. Direct current at the start of the work had a voltage of 110 
to 120 and was used at first with a 40-watt lamp in the circuit, but afterwards 
without any resistance. The current was allowed to run continuously: the 
ammeter reading did not go above 1.00 with 100 gm. of any except one 


peat soil. 
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Rate of extraction 


In Mattson’s experiments the rate at which the electrodialysis proceeded 
was determined by titration of the dialysates with phenolphthalein as the 
indicator. In this way he obtained from a Sharkey clay soil 2.655 milli- 
equivalents of bases in the first hour; the amount gradually dropped, until 
at the twenty-second hour only 0.090 milliequivalents were found. At the 
end of 42 hours titratable bases were less than 0.01 milliequivalents per hour, 
and this proved a fairly definite end point. On the acid side, the first hour 
produced 0.860 milliequivalents and at the end of 22 hours, 0.060. The values 
fell very quickly after the first 12 hours. In a loam soil the figures fell after 
the third hour and very small total amounts were obtained. 

In the authors’ early experiments on a Carrington Loam they obtained 
results very similar to Mattson’s on the Sharkey clay. One run was 
made on 100 gm. of soil, the dialysate being withdrawn every hour for the 
first 56 hours, in which the temperature maximum was 44°C. At the end of 
19 hours 18.15 milliequivalents had been removed on the basic side and 1.86 
on the acid. From that time to the end of the 56 hours the amounts of the 
bases were not measurable by phenolphthalein, but continued on the acid side 
at about 0.04 milliequivalents per hour. The extraction was continued for 
6 days, the dialysate being withdrawn at intervals of 6 to 12 hours. The last 
change (12 hours) produced 0.19 milliequivalents on the basic side and 0.1 
ontheacid. The total amounts obtained were 20.8 and 4.2. 

When the time of changing the dialysate was altered to 6- and 12-hour 
intervals, the temperature rose to 50°C. At the end of 24 hours (3 changes) 
18.6 milliequivalents of bases had been removed, followed by 1.1 in the next 6 
hours—a further 35 hours brought only 0.4 milliequivalents. The constant 
changing was thus shown to be unnecessary. 


Voltage change 


In order to make the method of general application it was necessary to use 
some way of converting A.C. current to D.C., as direct current is not available 
in many laboratories. A small 7.5 to 15-volt rectifier on the 110 A.C. was 
tried, but this gave too smalla current. At the end of seven days there was 
still a considerable amount of the bases not withdrawn. This was therefore 
abandoned. 

A more promising lead was found by connecting an A.C. motor to run a 
D.C. motor reversed—both of § H.P. The voltage obtained by this method 
was frequently above 50 and the temperature in the cell rose to 44°C. The 
dialysis proceeded almost as fast as with the direct 110 volts. A 3} H.P. 
should prove suitable for this size of cell. 


Cooling 


Although no attempt was made to obtain thermostatic control, a modifica- 
tion of the Mattson cell was introduced by substituting for the glass rods on 
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each side of the parchment paper, two thin glass tubes bent into the shape of a 
grid, to form a cooling system. A further grid was placed in the center com- 
partment so that the system could be kept at any desired temperature by 
running water through the tubes. There is ample room in the center for 100 
gm. of soil as well as for the cooling tubes. An experiment in which air was 
bubbled through the soil, considerably slowed the electrodialysis, as was 
expected. 


Elecirodes 


Several experiments were made to cut down the cost of the platinum gauze 
electrodes. The substitution of a very small piece of sheet platinum for one 
of the electrodes, while keeping the gauze in the opposite compartment, in- 
creased the time needed for the dialysis. An electrode was made of no. 22 
platinum wire, trident shaped, with a glass rod at the bottom to hold it stiffly. 
This proved very successful. Such a wire electrode, costing not much more 
than one-third the price of the gauze, can be substituted for one electrode 
without noticeably delaying the dialysis. The wire has the added advantage 
that the electrode is much more easily washed free from the precipitate which 
forms in the later stages of the process. Wires in both compartments in place 
of the gauze, slowed the action considerably. 

In many cases it would be possible to use cheaper metals on the basic side. 
Copper gauze as the cathode and the platinum three wire as the anode gave 
the fastest dialysis—possibly because the gauze was rather larger than the 
platinum gauze. 


Changing the Dialysate 


As indicated previously, in the early experiments the dialysate was changed 
every hour, but this was soon found to be unnecessary in order to get the 
quickest dialysis. Changes at 3, 10, 24, and 48 hours are sufficient to bring out 
practically all the dialysate. No change during the first 27 hours slowed down 
the speed materially. The final method adopted consisted of two intervals, 
the first of 3 hours and the second of 6, followed by 12-hour changes until the 
extraction was complete. Asa rule, after the first 24 hours, little base or acid 
was removed from the soil, although the total time needed varied with the 
type of soil: a peat took very much longer for complete dialysis. 

Mattson found that he had a very good check for the exchangeable bases 
from N ammonium chloride or from 0.05 N hydrochloric acid, when he stopped 
the eiectrodialysis at the end point of phenolphthalein. The authors found 
that when the dialysis was continued beyond this point, bases continued 
to be produced, shown by methy] red, with usually a rather heavy precipitate, 
which dissolved on acidifying. Frequently a very indefinite end point was 
secured with the methyl red. From what part of the soil this precipitate comes 
or what is its nature has not yet been determined. 

That this type of cell has application along other lines is indicated by the 
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fact that in these laboratories it has been found that there is a distinct difference 
in rate of dialysis of apple peelings from healthy and from diseased apples. 


SUMMARY 


1. The Mattson Cell for electrodialysis of soils has proved very satisfactory. 

2. A method for obtaining a direct current suitable for the cell is described. 

3. Variations in the electrodes in order to use less platinum are suggested. 

4. A cooling system has been introduced into the cell, and the rate of ex- 
traction, under various conditions, investigated. 
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BOOK REVIEW 


Soil Mineralogy. By Freprerick A. Burt, Associate Professor of Geology, 
A. and M. College of Texas. D. Van Nostrand and Co. Inc., New York, 
1927. vii, pp. 82, illus. 6. Price $1.50. 

The author presents a very concise treatise of mineralogy from the point of 
view of the occurrence, estimation and importance of minerals in agricultural 
soils. Purposely there is an “omission of all minerals not directly concerned 
with soil formation or used as mineral fertilizer.’’ The book is divided into 
three parts followed by tables of occurrence, weathering, and physical proper- 
ties of minerals. Part 1 treats of general principles, giving many definitions 
and methods of study, and considerable discussion of the elements and of 
rock weathering. Part 2 very briefly presents a key for the identification of 
minerals. Part 3 occupies nearly half of the treatise in descriptions and dis- 
cussions of each of the mineral species. 

The subject material is presented in very lucid style and appears to be well 
adapted for the use of students beginning soil mineralogy. A somewhat more 
comprehensive treatment would undoubtedly find wider application. 


R. L. STARKEY. 
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INTRODUCTION 


A knowledge of the composition of the raw product is of fundamental im- 
portance in the study of any fermentation process. Variations in the com- 
position of the cabbage may influence the type of fermentation as well as the 
end products of fermentation in the making of sauerkraut. In a previous 
publication (11) attention was called to the variation in sugar, total nitrogen, 
and calcium in cabbage from various parts of the United States, and also to 
the relation between these constituents and the quality of the sauerkraut. It 
is the purpose of this paper to show the effect of various factors on the com- 
position of cabbage, such as the type of soil on which it is grown, the age at 
which it is harvested, the variety used, and the time and temperature at which 
it is stored, and to determine the effect which these factors have on the quality 
of sauerkraut made from the cabbage. 


EXPERIMENTAL 


The investigations reported extended over a period of two years, 1925 and 
1926. The nature of the work was essentially the same for both years but 
the data are recorded separately. As far as possible, however, general con- 
clusions are drawn from the results of the two seasons. 

Variety of cabbage. The cabbage used in 1925 was of the All Seasons variety, 
excepting that shipped from Racine, Wisconsin, which was either Glory, All 
Head, or All Seasons. In 1926, Early Copenhagen and All Seasons were used. 

Soil. In 1925 the cabbage raised on the university farm was grown on two 
plots, one of which was Miami silt loam and the other alkaline marsh. In 
1926 the same marsh plot, but a different plot of Miami silt loam was used. 
The cabbage sent from Racine during the 1925 season was grown on Clyde 
silt loam. 

Maturity. The cabbage was set out in the early part of June in both years; 
that on the marsh about a week before that on the Miami silt loam. The 


1 Published with the permission of the Director of the Wisconsin Agricultural Experiment 
Station. 
2 The authors are indebted to R. J. Allgeier for assistance in some of the analytical work. 
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heads grown on the University plots were cut at three different times during 
the season to determine what effect stage of maturity has on the composition 
of the cabbage. Unfortunately the last cuttings of both years were made after 
the cabbage was rather badly frozen. 

Storage. In order to study the effect of storage on the composition of the 
cabbage tissue, heads were placed in piles, and allowed to remain for various 
lengths of time at a temperature of 70°F. or higher. In 1926, however, during 
the last part of the season it was necessary to cut the cabbage and pile it to 
protect it from freezing. At this time the cabbage was piled outdoors, 
covered with canvas, and kept under very cold conditions for 2 to 4 weeks. 

Sauerkraut. All of the cabbage, the analyses of which appear in the subse- 
quent tables, was made into sauerkraut. The usual factory methods of 
coring and shredding the cabbage were employed. Two and one-half per cent 
of salt was added to the cabbage, which was then packed into 10-gallon stone 
jars or 45-gallon barrels. Heavy weights were placed on top of the shredded 
cabbage in the jars or barrels. The rate of fermentation was followed by 
titrating the juice at frequent intervals. 


ANALYTICAL METHODS 


Moisture. Twenty grams of material was dried for 24 hours in an oven at 
105°C. The loss in weight was calculated as percentage of moisture in the 
original tissue. 

Total nitrogen. For the Kjeldahl nitrogen determinations, 10 gm. of finely 
chopped cabbage was used. 

Water-soluble constituents. Four hundred grams of finely cut cabbage was 
ground in a mortar with a little ether and well washed quartz sand, until all 
of the cells were ruptured. The mass was then strained through cheese cloth, 
filtered through paper pulp by means of suction, washed, and finally made up 
to 2 liters. This solution was analyzed for total nitrogen by the Kjeldahl 
method, for amino nitrogen by the Van Slyke (13) procedure, and for reducing 
sugars, before and after hydrolysis of the clarified solution, by the procedure 
of Shaffer and Hartmann (12). Sucrose was calculated from the two deter- 
minations of reducing sugars. Calcium and phosphorus were determined in 
both the water solutions and the original tissue. The McCrudden (8, 9,) 
method was used for calcium, and the volumetric method of the Association 
of Official Agricultural Chemists (2), for phosphorus. 

About 1 kgm. of the original material was preserved for various purposes. 
This was done by heating the tissue at 70°C. for ten minutes, and then drying 
at 40°C. for several days. 


DISCUSSION OF RESULTS 


Tables 1 and 3 contain a description of the cabbage used in 1925 and 1926 
and indicate the relation of various factors to the quality of sauerkraut. The 
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cabbage grown on the upland soil, as a rule, made better sauerkraut than that 
from the marsh. This is largely because the heads from the former grew 
more slowly and were firmer than those from the marsh. A firm head usually 
makes sauerkraut of better cut than one which is loose and coarse. Late 
cabbage, in general, makes better sauerkraut than early cabbage. The latter 
is often green, and produces a yellow kraut. Storage of cabbage during cool 
weather has apparently little effect on the quality of the sauerkraut, but 
cabbage which is stored during August and September becomes very warm 
and is likely to become covered with undesirable microérganisms. This may 
lead to an abnormal and undesirable fermentation in the vats. If the freez- 
ing is not too severe, it does not seem to impair the kraut-making value of 


TABLE 2 
Relation of variety of cabbage, soil type, storage, maturity, and freezing to composition of 
cabbage (1925) 
(Calculations based on the fresh cabbage) 


| aed pcg | oni — CALCIUM PHOSPHORUS 
ce ce cae | srtao- | “BLE NITRO- sucar | SUCROSE : : 
| FRE | ees’ | ximo.| “eee | as oat | Seis: | out | Wage 
percent | Percent percent | percent | percent | percent | percent | percent | percent | percent 
347 | 93.2 | 0.18 0.12! 0.07} 2.29} 0.54 | 0.045 | 0.030 
348 93.3 | 0.13 | 0.09 | 0.07 | 2.35] 0.68 | 0.038 | 0.025 
35i | 93.2 | 0.20 | 0.11 | 0.08 | 2.60} 0.53 | 0.043 | 0.028 | 0.028 | 0.020 
353 92.9 0.21; 0.11 | 0.05 | 2.57} 0.62 | 0.046 | 0.023 | 0.028 | 0.014 
349 | 93.8 | 0.24) 0.16 | 0.12 | 2.44] 0.44 | 0.050 | 0.030 | 0.025 | 0.016 
352 93.8 | 0.21 0.14 0.09 | 2.06} 0.36 | 0.051 | 0.029 | 0.024 | 0.015 
355 93.9 0.23 0.13 0.08 1.35 | 0.15 | 0.053 | 0.022 | 0.027 | 0.011 
350 | 93.1 | 0.21} 0.14 | 0.08 2.79 | 0.21 | 0.042 | 0.028 | 0.030 | 0.024 
354 | 93.9 10.21 | 0.12 0.05 | 2.64} 0.18 | 0.043 | 0.025 | 0 036 | 0.022 
356 | 93.8/ 0.24) 0.12} 0.09] 1.26] 0.17 | 0.047 | 0.029 | 0.033 | 0.013 
357 93.5 | 0.21 | 0.14 | 0.12 | 2.28 | 0.27 | 0.046 | 0.029 0.027 | 0.017 
358 | 93.8 0.21) 0.13) 0.11 171 | 0 05 | 0.045 | 0.028 | 0.023 | 0.018 
| 
Aver. | 93.6 | 0.20 0.13} 0.08| 2.10; 0.36 | 0.046 | 0.028 | 0.028 | 0.017 


the cabbage. If the freezing is so severe that the tissue is mechanically in- 
jured, a soft, slippery kraut is the result. Variations in the composition of 
cabbage grown in 1925 are recorded in table 2. 

Moisture. The amount of moisture varies but little in the different samples. 
The stored cabbage (no. 353) contained the least moisture of all the samples 
and showed a slight lossascompared with the freshly harvested sample (no. 351). 

Nitrogen. Approximately three-fifths of the nitrogen exists in the form of 
soluble compounds and of these about 60 per cent is in the form of amino 
nitrogen. This percentage is approximately the same as that found in the 
hydrolysis products of a protein and suggests that the water-soluble forms of 
nitrogen are simple structures. 


‘uMouyun odd} [Ios ‘yueutadxa A10}9e J, 


303 


atid jo 
ST 19q0}9Q_s|:«JoqUad suOSs¥aS [TY : $O7A 
atid jo 
ST 49q4039Q | :BPIS}NO StOsBas TV * £974 
& *shep 1 
> poor poop poop poop z3'T LZ -ysnBny_ | pasoys ‘uadod Ajreq * 2-974 
: poor poor qe pooy 09'T LZ ysnsny ‘uadog Apreq ‘* 1-971 
8 LZ Jequisaon 
# uazoly. = ATpeg suoseas [TV 1862 
= 
a poo3 A1aA | poos A1aA | pood A1aA | poosd AI3A 16L'T 6] JOqUIZAON UsZOIJ SUOSBIS [TV OIF 
S pooS A19A | pooS A1aA =| pooS AoA | pood AIDA Z69'T O€ 12q0390 SUOSBIS [TV | > Weoy IIS wreryy 4 60P 
te SZ .13q0290 SUOSBIS [TV 80F 
2 100g Adeog pooy peg ¢t0'Z 0Z  19q0390 SUOSBIS ITV 90F 
e poos £194 pood poo) poos) cee Tt cE = 2940390 SWOSBIS [TV SOP 
3 poos A194 ysnoy pooy poor 709° T €Z  ysnsny ‘uadog Apleq | 10F 
a 
ie poo8 AaA, poor) poor pooy Z7P I SZ. 19q0290 UWsZOI} SUOSBIS [TV LOF 
i snjd aye y ysnoy, poo ch | 800°T if 19409990 SUWOSBIS ITV FOP 
E sAep T] ysiewl auyeyyy ¢ 
es snjd qyey pooh PITHOW pood 7160 €T Jequiaydag | paloys suostag [TV £0F 
& eT TCT eT Te] 6se'T ET Jaquiaydas SUMOSBIS ITV COP 
8 1499 40g 
ae ee amnqxay, s0]07) aysey, ai pre seqevenys . 
: : ONLLLAD 40 BLVa ALSIUVA HAXL 1108 a 
LAVaaxaanAVS 


(9261) invaysanvs fo Ky1yonb 04 Sursaasf pun Kyranzous ‘a3n404s ‘agXy gros ‘a3nqqn2 fo Kjarspa usamjaqg uorpojay 
£ ATAVL 


304 W. H. PETERSON, H. B. PARMELE AND E. B. FRED 


The effect of an abundance of nitrogen in the soil is reflected in the marsh 
cabbage. This is richer in all forms of nitrogen than the cabbage from the 
two upland soils. The difference is especially marked in the water-soluble 
and amino nitrogen. The marsh samples contained from 15 to 35 per cent 
more of these constituents than the upland samples. 

As would be expected, the proportion of highly organized nitrogen increases, 
and the percentage of simpler forms of nitrogen decreases with maturity. 
The change is most clearly shown in the amino nitrogen which decreased from 
50 per cent of the total in sample 349 to 43 per cent in sample 352, and from 
38 per cent in sample 350 to 24 per cent in sample 354. 


TABLE 4 
Relation between variety of cabbage, soil type, storage, maturity, freezing, and composition of 
cabbage (1926) 
(Calculations based on the fresh cabbage) 


| TOTAL OLD | AMINO “0. — sitaiiadatannd 
pron ae ain NITRO- BLE NITRO- SUGAR | SUCROSE 
| = “a i ouncten Total Total sible 
percent percent percent | percent | percent | percent | percent | per cent 
402 93.7 0.26 0.13 0.07 2.39 | 0.22 | 0.056 | 0.020 | 0.015 
403 93.2 0.23 0.12 0.08 2.34 | 0.45 | 0.058 | 0.020 | 0.007 
404 94.0 0.28 0.12 0.09 1.85 | 0.33 | 0.072 | 0.024 | 0.008 
407 94.6 0.24 0.14 0.08 1.60 | 0.05 | 0.062 | 0.017 | 0.011 
401 0 Bes 0.30 0.14 0.07 2.38 | 0.0 
405 92.9 0.23 0.10 0.07 2.45 | 0.28 | 0.054 | 0.033 | 0.012 
406 93 .2 0.21 0.11 0.68 3.25 | 0.27 | 0.051 | 0.028 | 0.012 
408 92.0 0.23 0.12 0.68 2.50 | 0.16 | 0.049 | 0.035 | 0.010 
469 92.2 0.22 0.10 0.07 2.43 | 0.15 | 0.051 | 0.034 | 0.017 
410 LTS f 0.25 0.13 0.07 2.43 | 0.54 | 0.049 | 0.031 | 0.015 
411 91.9 0.24 0.13 0.07 2.60} 0.78 | 0.053 | 0.034 | 0.011 
F26-1 94.3 | 0.18 0.09 0.06 2.02 | 0.07 | 0.055 | 0.023 | 0.013 
F26-2 93.5 | 0.18 0.10 0.C9 1.90} 0.34 | 0.062 | 0.023 | 0.013 
F26-3 92.3 | 0.23 0.11 0.06 2.66 | 0.72 | 0.072 | 0.025 | 0.012 
F26-4 90.7 0.24 | 0.12 0.08 2.59 | 0.80 | 0.085 | 0.035 | 0.017 
} 
Aver. 92.9 | 0.24 0.12 | 0.08 | 2.37 | 0.29 | 0.059 | 0.027 | 0.012 


Sugar. The total sugar consists on the average of about 85 per cent re- 
ducing sugars and 15 per cent sucrose. There is from 10 to 20 per cent more 
sugar in the samples grown on the loam soils than in those grown on the marsh. 
A similar inverse relationship between nitrogen and carbohydrate has been 
reported for the tomato by Kraus and Kraybill (6). Storage and maturity 
both cause a moderate decrease in reducing sugar. Peterson, Fred, and 
Viljoen (11) observed a similar response to maturity. They found that the 
sugar was 7.4 per cent lower in late-maturing heads than in early-maturing 
ones. The most striking change in sugar is brought about by freezing in the 
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field (nos. 355, 356, and 358). As a result of this treatment about fifty per 
cent of the reducing sugars disappeared. Apparently they were trans- 
formed into some other carbohydrate, since the moisture content remained 
unchanged and the kraut made from this cabbage contained as great a quantity 
of fermentation products as that made from normal material. 

Calcium and phosphorus. It appears that the total calcium is higher in the 
marsh cabbage than in the upland-grown material. In both cases the amount 
of calcium increased with maturity. The amounts of water-soluble calcium 
and phosphorus decreased with maturity and storage. 

Variations in the composition of cabbage grown in 1926 are shown in table 
4. About the same differences in moisture are brought out in this table as 
were found in the data of the previous year. 

Nitrogen. The same general relations hold for the 1926 samples as existed 
in the 1925 samples. The marsh samples are higher than the loam samples 
in total, water-soluble, and amino nitrogen. More of the total nitrogen was 
present as insoluble and less as water-soluble and amino nitrogen in the 1926 
samples than in the 1925 samples. Perhaps the cabbage in 1926 was more 
matured than that in 1925. In both sets of samples the ratios of water-soluble 
and the amino nitrogen to total nitrogen decreased toward the end of the 
growing season. At the maximum, the water-soluble nitrogen comprises 52 
per cent of the total, and at the minimum, about 43 per cent. The maximum 
and minimum figures for amino nitrogen are 38 and 32 per cent respectively. 
The distribution of the forms of nitrogen is about the same in the marsh and 
the loam samples. 

Sugar. Reducing sugars are higher in cabbage from the upland soil than 
from the marsh. Maturity, storage, and freezing in the field (no. 407) all 
lower the amount of this constituent, as was found to be true from the results 
obtained in 1925. Appleman and Miller (1), working with potato tubers, 
found that reducing sugars and sucrose are lowered by both maturity and 
storage. A similar response to storage was observed by Pack (10) in working 
with sugar beets, by Bigelow and Gore (4) in studying the peach, and by 
Voelcker (14) in early experiments with Swedish turnips. The losses in sugar 
noted by these investigators were believed to be due entirely to respiration. 

Apparently when the cabbage is cut and stored for a period of 2 to 4 weeks 
at freezing temperatures (nos. 410 and 411) there is no reduction in the sugar 
content. Freezing produces this effect on cabbage only before it is harvested 
(nos. 355, 356, 358, 407). 

Calcium and phosphorus. It is evident that the calcium is much higher in 
marsh cabbage than in that grown on the upland soil. The water-soluble 
phosphorus decreases with maturity and storage. These results are in agree- 
ment with those obtained in 1925. It has been observed in previous work of 
this kind that the amount of such a constituent as calcium in plant material 
is largely dependent upon the quantity of this element available in the soil 
on which the plants are grown. Variations in the mineral content of plant 
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material, with respect to soil type and the fertilizer used on the soil, have been 
reported by Beal (3), Wheeler and Hartwell (14), Forbes, Whittier, and Colli- 
son (5), and Hoagland (6). Analyses show that the alkaline marsh soils of 
Wisconsin contain much more calcium than the Miami silt loams. 

There are several clear-cut environmental factors that effect the composi- 
tion of cabbage and that can be summarized for the two years as follows: 


Cabbage grown on the alkaline marsh contains more total, water-soluble, and amino 
nitrogen, as well as sucrose and calcium, than that grown on the upland type of soil. How- 
ever, the former contains less reducing sugars. 

Water-soluble nitrogen, amino nitrogen, reducing sugars, sucrose, and water-soluble 
calcium and phosphorus decrease with maturity, whereas the amount of total calcium is 
present in somewhat larger quantities in mature heads. The simpler forms of nitrogen 
compounds and carbohydrates disappear with maturity. They are undoubtedly changed 
into more complex forms. This also appears to be true of the water-soluble calcium and 
phosphorus. 

Storage appears to lower the amounts of moisture, reducing sugars, and water-soluble 
calcium and phosphorus in the tissue. Sucrose apparently increases with storage. Freezing 
the cabbage heads before they are cut causes one very marked effect, namely, that of lowering 
the reducing sugars and sucrose. The amount of soluble nitrogen is increased by this 


treatment. 

The variety of cabbage apparently has no very definite effect upon the composition of 
the tissue. 

In the formation of sauerkraut, the salts, the nitrogen compounds, and the carbohydrates 
all play an important réle. It is probable, however, that in any normal cabbage there is a 
sufficient amount of all these constituents to sustain a normal fermentation. There seems 
to be no direct correlation between the chemical composition of the cabbage and its kraut- 
making qualities. The factors involved in the making of sauerkraut are many and complex, 
Besides a good quality of cabbage the proper type of fermentation must take place. It is 
probable that the latter is fully as important, if not more so, than the former. 


SUMMARY 


Sauerkraut made from late cabbage is of better quality than that made 
from early cabbage. Cabbage grown on upland soil usually makes better 
sauerkraut than that grown on marsh soil. Storage at low temperatures and 
slight freezing of cabbage have little, if any, effect on the quality of sauerkraut. 
If the cabbage has been severely frozen, or stored at high temperatures, the 
sauerkraut is likely to be of poor quality. The best sauerkraut is obtained 
from cabbage which forms firm compact heads. The leaves in the head 
should be of fine texture so as to give long, slender threads when shredded. 

The inorganic constituents, the nitrogen compounds, and the carbohydrates 
are influenced by the type of soil. A marsh soil produces a cabbage higher in 
nitrogen and lower in sugar than does an upland soil. 

About one-half of the nitrogen compounds in cabbage are soluble in water. 
These compounds appear to be simple structures, as approximately 60 per 
cent of their nitrogen is present in free amino groups. 

The sugar in cabbage consists of about 85 per cent reducing sugar and 15 
per cent sucrose. 
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The simple constituents of the growing cabbage tissue are transformed into 
more complex forms as the head matures. Storage reverses these processes 
and may cause a loss of sugar by respiration. Freezing before cutting appar- 
ently converts the sugar into other forms of carbohydrate. 
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Various kinds of organic materials are incorporated with soils. The rate 
at which they decompose is often considered a measure of their fertility value. 
Alfalfa and sweet clover are regarded to be among the most valuable ordinary 
field crops when used as green manures. The relative importance of these 
crops, however, has not been the subject of sufficient investigation to warrant 
very definite statements. 

Among the methods of studying rates of decomposition, nitrification, humus 
formation, bacterial development, and carbon dioxide evolution are regarded 
as most reliable. Holtz and Singleton (4) in their work made comparisons 
of sweet clover and alfalfa sod decomposition by using nitrification as the 
indicator of decay. They found that nitrification occurred more rapidly in the 
soil which had sweet clover roots and crowns incorporated with it than in a soil 
similarly treated with alfalfa roots and crowns. 

Roots alone have not received much attention. Analyses of roots and tops 
of sweet clover and alfalfa, as given by Hopkins (5), indicate that sweet clover 
tops are richer in nitrogen than alfalfa tops, but that the reverse is true for the 
roots. This suggests that if the roots unmixed with crowns or leaf accumu- 
lations were considered, different results would be obtained. The quantity 
of crowns mixed with the roots may be of considerable importance in consider- 
ing the relative value of these crops as green manures. 

In an attempt to throw light upon this soil problem, a study was made of the 
rate of decomposition of alfalfa and sweet clover roots. In order to tie the 
results up with other decomposition experiments results were also secured 
for straw. Carbon dioxide evolution, nitrate accumulation, mold develop- 
ment, and humus formation were used as the index of decomposition. 


PLAN OF EXPERIMENT 
Experiment 1 


In the spring of 1926, after a thorough mixing in quantity, 150-gm. portions 
of a clay loam soil having a pH of 8 were placed in 500-cc. Erlenmeyer flasks. 
One per cent of air-dried ground alfalfa roots having a total nitrogen content of 
1.6 per cent was added to each of the three flasks. Similar flasks were treated 
with corresponding quantities of sweet clover roots and with straw having a ni- 
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trogen content of 0.87 per cent and 0.42 per cent respectively. Three flasks were 
used as checks. The moisture content of the soils was brought to 25 per cent 
dry basis. All of the flasks were kept under laboratory conditions at room 
temperatures varying from 19° to 21°C. The amount of carbon dioxide 
evolved daily from these soils was determined every 24 hours for a period of 
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40 days. The apparatus used to determine the CO, evolved from the soil was 
similar to that described by Waksman (17). A stream of carbon-dioxide-free 
air was drawn through the flasks into standard KOH solution for a period of 
20 minutes every 24 hours. Carbon dioxide was titrated for according to the 
method described by Emerson (3, p. 119). 

The results of this experiment are given in figure 1. The experiment was 
repeated for a 21-day period. Results are given in figure 2. It will be noted 
in figures 1.and 2 that the alfalfa-treated soils evolved the greatest amount of 
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carbon dioxide, followed by sweet clover. In figure 1 during the early part of 
the experiment straw was distinctly above the check and ranked almost with 
sweet clover. In figure 2, however, the straw and check are almost equal and 
both fall considerably below either of the legume roots. 

The daily variations in the curves are probably largely due to the changes 
in laboratory temperatures. During spring uniform temperature regulation 
for the building is difficult. Some of the daily variation in CO, may be due to 
the method of titration used. The indefinite end point as explained by 
Emerson (3, p. 120) caused more or less uncertainty. All the treatments, 
however, are subjected to the same influences and despite these fluctuations the 
curves consistently maintain the relationship which indicates the order of CO, 
evolution to be alfalfa, sweet clover, straw, and untreated soil. 
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Result expressed as average of triplicate treatment 


In both experiments the greatest differences occurred during the early part 
of the tests, with a gradual approach of the curves toward the end of the 
periods, indicating that the vigorous decomposition was nearing completion in 
about three weeks. 


Experiment 2 


In this experiment the rate of decomposition as measured by accumulation 
of nitrates was considered. One-per-cent quantities of dried ground alfalfa 
roots were mixed with soil having a pH 7.5 reaction. The moisture content 
was then made up to, and kept at, 25 per cent dry basis. This was repeated 
with sweet clover roots and straw. These treatments together with the checks 
were run in triplicate. The pots were incubated in the laboratory at room 
temperature. Nitrates were determined by the phenol-di-sulfonic acid 
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method, after 1-month, 2-month, and 3-month periods. The tests were run- 
ning at the same time as those reported in experiment 1. The results are 
given in figure 3. The experiment was repeated for a 21-day period and the 
pots were incubated in the greenhouse. Nitrates were determined at the 
beginning and at the end. Results are shown in figure 4. 

The results show more nitrates in alfalfa-treated soils than in any other; or, 
in other words, when nitrification is used as a measure of decay, alfalfa roots 
decompose the most readily. 

As indicated in figure 4, which experiment was continued for 21 days only, 
the organic matter depressed nitrification. It is probable that if the experi- 
ment had been carried on further there would have been a recovery from the 
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initial depression. Such a conclusion seems justified from a consideration of 
figure 3. 

In previous work by the author (7), it was found that the accumulation of 
nitrates was a good measure of decay and the greater the accumulation the 
greater the rate of decay. Holtz and Singleton (4), Waksman (16, p. 509), 
Wright (18), and Maynard (9) also indicate that the accumulation of nitrates 
may be taken to indicate the rate at which organic materials decay when 
incorporated with the soil. 

From the results indicated in figures 3 and 4, one would be led to conclude 
that alfalfa roots decomposed at the greatest rate, followed by sweet clover 
then by straw. 

Holtz and Singleton (4) found sweet clover sod decomposed more readily 
than alfalfa sod. The sod includes the crowns, roots, and probably the 
accumulations of leaves. Alfalfa roots alone, as reported by Hopkins (5), 
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contain a considerably higher nitrogen content than sweet clover roots and 
vice-versa for the tops. ‘The results thus far, in showing alfalfa superior to 
sweet clover, may seem antagonistic to the experiments of other workers along 
this line, unless a word of explanation be given. The accumulated leaves 
and crown with high nitrogen content, mixed with low nitrogen content of the 
sweet clover roots, probably totals a higher nitrogen content in the sweet 
clover mixture than with the alfalfa root and crown mixture. This would 
indicate a narrower C-N ratio than in the alfalfa mixture. The conclusions 
of Sievers (11) and Waksman (16, p. 509) which have been verified by the 
author (8) and others are that the narrower the C-N ratio the more readily 
the material decomposes. This is sufficient to explain why Holtz and Sin- 
gleton found that sweet clover sod nitrified more readily than alfalfa sod, 
whereas the results given in figures 3 and 4 show the reverse for the roots alone. 
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Fic. 5. ErFecT oF ALFALFA AND SWEET CLOVER Roots AND STRAW ON AMOUNT 
OF Humus FORMED IN SOIL AT END OF A 3-MONTH PERIOD 


Experiment 3 


In this test humus was used as the measure of the rate of decomposition of 
alfalfa roots, sweet clover roots, and straw. The soils treated as inexperiment 
2 were sampled for humus studies at the same time the samples were obtained 
for nitrate determinations. 

The method used for determining the humus was the one recommended by 
Waksman (15) after his thorough investigation of all methods (14). The 
results are given in figure 5. 

The results are similar to those for nitrates, shown in figure 3. This was 
expected because experiments show that the greater amount of humus the 
greater the accumulation of nitrates. Marshall (6) states that under suitable 
conditions the accumulation of humus in the soil stimulates nitrification to a 
very striking extent. The author (7) used humus formation as a measure of 
rate of decay and found that nitrates increased as humus increased. Carr (2) 
suggested humus formation as a step in the process of decomposition, the rate 
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of decay being approximately the rate at which humus is produced. Merkle 
(10) used rate of humus formation as a measure and found a correlation. 

Since humus formation appears to be a reliable test of the rate of decay, 
this experiment is in close agreement with the previous ones in showing that 
alfalfa roots decompose most readily, followed by clover roots and straw. 


Experiment 4 


A fourth method for studying the rate of decay is by the activity of the 
micro-organisms causing the decay. This constitutes the subject of experi- 
ment 4. 

Soils were treated as described under experiment 2, and samples were ob- 
tained at weekly intervals for 6 weeks. Mold counts and identification of mold 
genera were made from each sample. Fach was treated in triplicate, and 3 
samples were taken each week. Three plates were poured from each sample, 


TABLE 1 


Effect on the number of molds per gram of soil of incorporating different kinds of organic 
material at weekly intervals over a 6-week period 


TREATMENT | 7 DAYS | 14 Days 21 DAYS 28 DAYS 35 DAYS 42 DAYS TOTAL 
RS i ceo.concnxnus | 27,000 | 15,000 | 17,600 | 15,000 | 14,300 | 19,000 | 107,900 
Sweet Clover........ | 15,500 | 23,000 | 17,000 | 15,000 | 17,000 | 11,000 | 98,500 
ee eS | 11,000 | 17,000 | 17,500 | 12,000 | 12,000 | 12,000 | 81,500 
Co i ee | 6,500 | 8,500 | 12,000 | 10,000 | 12,000 | 11,000 | 60,000 


thus making 9 plates for each treatment. The average of each 9-plate group 
is givenin table 1. The agar used was raisin agar as described by Waksman 
(13). 

There are many adverse criticisms of the practice of making plate counts 
of organisms. The limitations have been given by Waksman (16, p. 28). 
He says: 


. when the results are considered critically and compared carefully it is found that 
the information obtained from the study of numbers of micro-organisms gives not only an 
insight into the microbiological population of the soil, but also throws light on soil fertility, 
particularly when this information is combined with that obtained from the study of physio- 
logical activities of soil micro-organisms. 


As indicated in table 1, there are irregularities in each week’s determination. 
The differences in the total number of organisms for the 6-week period for each 
treatment are not very significant. This may be due toa number of factors, 
among them the use of raisin agar as the medium. According to Waksman 
(16, p. 19) it is better to use synthetic media in all quantitative work. The 
slight difference as given indicates that the rate at which alfalfa roots, sweet- 
clover roots, and straw decay is in the order named. 
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The genera of the colonies produced on the plates were determined according 
to the key given by Buchanan (1). The number of each genera was also 
counted. The results are given in table 2 and indicate that the kinds of 
organic materials incorporated determine the type of mold genera that de- 
velop. 

Penicillia predominate in all soil treatments. Mucor, rhizopus, and alter- 
naria predominate in all the alfalfa-treated soils. Cladosporium predominate 
in straw-treated soils, and aspergillus and penicillium in the sweet-clover- 
treated soils. 


TABLE 2 
Effect of different kinds of organic material incor porated with the soil on the development 
of mold types 
The total number for the 6-week period reported 
MUCOR RHIZOPUS | PENICILLIUM] ALTERNARIA perl ASPERGILLUS 
PENI cio is siete ees 38,700 | 2,800 59,200 | 2,510 1,760 1,600 
Sweet Clover... <0 scs0a. 31,200 900 73,200 250 3,650 4,600 
SUA W eisai su es aioe 25;390' | 2,050 53,750 | 1,650 5,050 800 
CROCE caieisies giveits elses 16,500 | 1,000 35,500 2,000 2,500 


CONCLUSION 


When carbon dioxide evolution, nitrate accumulation, humus formation, 
and mold counts are used as measures of the rate of decay of alfalfa roots, 
sweet clover roots, and straw when incorporated with a soil, the materials 
stand in the order given. The greatest differences occur soon after the ma- 
terials are incorporated in the soil and thereafter the differences diminish. 
The predominant types of mold that were found in the soil treated with alfalfa 
roots are mucor, rhizopus, and alternaria; in soil treated with sweet clover, 
aspergillus and penicillium; and in soil treated with straw, cladosporium. 
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It has been shown repeatedly that although the plant continues to assimilate 
nutrients from the soil until it reaches maturity, the relative (percentage) 
nitrogen content of the plant reaches a maximum at an early stage of growth; 
it then begins to diminish, reaching a minimum at maturity, although the total 
nitrogen content may still increase. This is true not only of the nitrogen but 
also of certain other plant ingredients. Hunt (4) demonstrated in 1889 that, in 
the case of various grasses, as the plant matures there is a decrease in the 
per cent of crude ash, crude fat, and crude protein and an increase in the crude 
fiber and in the nitrogen-free extract. This is well illustrated from the results 
of Berry (1), dealing with the composition of oat straw: 


DATE OF SAMPLING 


t 
June 7 _ July 5 July Angus Augus 


PUGS PIOUEIN, DEF CORE 6 oi so Sse kak seins ee ee 16.5 | 10:6 | 7.0} 4.7 | 2:8} 1.4 
TOE HEL, DEF CONE «.. 6. ices we eles esis Saws ores 14.1 | 21.6 | 24.7 | 24.7 | 24.8 | 28.3 


This is true, of course, of the straw more than of the grain as shown by Wil- 
farth and associates (15), for barley: 


DATE OF SAMPLING 


May 29 June 17 | July 3 July 27 
Nitrogen content of straw, per cent............ Zot 1.16 0.57 0.30 
Nitrogen content of grain, per cent ............ Ades Jey 1.50 1.42 


Unfortunately, most of these studies were limited to the determination of 
total nitrogen (crude protein), ash, and ether extract (crude fat). Only in 
exceptional instances was there any attempt made to determine the nature of 


1 Paper No. 347 of the Journal Series New Jersey Agricultural Experiment Station, Dept. 
of Soil Chemistry and Bacteriology. 
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the non-nitrogenous substances, which are usually included under the general 
terms of “crude fiber’ and “nitrogen-free extractives.” The former comprises 
largely the celluloses, the lignin and the cutins, whereas the latter includes 
uch heterogenous groups as soluble carbohydrates, pentosans and other hemi- 
celluloses, lignins, etc., as seen from a typical analysis reported by K@énig (7). 


Composition of natural materials, on the basis of dry substance 


RED CLOVER, 
HAY (MOISTURE, BEFORE BLOOM 
14.67 PER CENT) (MOISTURE, 


85.95 PER CENT) 


per cent per cent 
LSID MN oh Se bee cS Gee Ke Shu esa san beneseecyS 10.29 19.77 
SPEC ERE 1. Snes cannes ps SneeewbicncheebaSbpesaieeee 2.76 4.09 
PURO IPE ROIS ois occ sino bicieee see se nes 50.03 43.26 
PME MMIET ce uyunkswce ce bey soos aka abana eh ekanneees 31.41 22.82 
MMC re cte er oc aaa Sacnee estar ar bkauesuh ceeehawet 5.81 10.08 


To understand the nature of the decomposition of plant materials, the differ- 
ence in the rapidity of decomposition and the liberation of nitrogen and minerals 
in an available form—a very important problem from the point of view of de- 
composition of green manures, composting of plant materials and decomposi- 
tion of stable manures—it is essential to have more definite information on the 
composition of the plant materials which are usually added to the soil. 

It may be sufficient for the present to limit the analysis to the more abun- 
dant plant constituents; namely, the carbohydrates, especially the soluble sugars, 
pentosans, and celluloses; the lignins; the proteins and their derivatives, both 
water-soluble and water-insoluble; the fats and waxes; and the ash content, 
without going into a detailed analysis of the less important and less abundant 
substances found in the plant tissues. The methods previously outlined (14) 
enable us to carry out such an analysis even in the presence of a large excess 
of soil. 

As to the decomposition of plant materials at different stages of growth, 
information is even more meagre. The evidence tends to indicate that, at an 
early stage of growth, the plant constituents decompose in the soil more rapidly 
than at a later stage or when the plant begins to mature. At the earlier stage 
of growth, the nitrogen is liberated more rapidly in an available form, namely, 
ammonia, which is readily changed in the soil into nitrate. It is sufficient to 
cite the results of Maynard (11) and Merkle (12), who found that the younger 
the crop plowed under, the more rapidly does it decompose in the soil. Merkle 
(12) used carbon dioxide evolution, whereas Maynard (11) and Hutchinson and 
Milligan (5) used nitrate accumulation as indices of decomposition of organic 
matter. By determining the CO: evolution as an index of decomposition, Hill 
(3) demonstrated that not only do plants decompose more rapidly at an early 
stage of growth but that there is a definite relation between the nitrogen con- 
tent of the plant and its decomposition: the higher the nitrogen content the 
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more rapidly does the plant decompose, since the percentage of nitrogen in the 
plant diminishes with the advance in growth, and its rate of decomposition also 
diminishes. Since legumes contain more nitrogen than non-legumes, they 
decompose more rapidly. Drying of green plants was found (16, 3) to retard 
the decomposition of the plant; the assumption was that, as a result of drying, 
soluble hemicelluloses change into less soluble forms. 

The nature of the controlling factors in these transformations is still to be 
determined. This is largely because our information on the decomposition 
of the various constituents of organic materials is still very vague. Certainly 
the terms “decay,” “eremacausis,”’ “fermentation,” and “putrefaction,” so 
much beloved by the agronomists, did not tend to clear up the nature of the 
processes involved. Some of the more recent contributions to the subject tend 
to indicate that the so-called “humus,” or the soil organic matter, consists 
largely of lignins (2, 8, 13). When organic matter is added to the soil, the 
various constituents; namely, the water-soluble substances, proteins, pentosans, 
and celluloses are sooner or later decomposed, whereas the lignins remain 
undecomposed. This can be demonstrated by an increase in the content of 
methoxyl, a group characteristic of the lignin molecule, and by an increase of 
the carbon content of the organic matter. Natural organic matter of plant 
origin added to the soil contains only 47 to 51 per cent carbon, whereas lignin 
contains 63 to 64 per cent carbon; soil organic matter (“humus”), however, 
contains, on the average, 58 per cent carbon. 

Even results as definite as these, however, still leave a clearer conception 
to be desired of the processes involved in the decomposition of organic matter 
in the soil. This is due to: 1. an insufficient understanding of the réle of the 
numerous soil organisms in these processes, 2. a lack of information concerning, 
the part played by the nitrogen of the natural and soil organic matter in the 
various transformations, 3. the relation between “humus” and the activities: 
of microorganisms. Even Konig (9) gives the impression that, in the decom- 
position of manure, “humus” is an intermediary substance between natural 
organic matter and the final mineralized products (COs, nitrate, sulfate, 
phosphate, etc.) 

For the study of the composition and decomposition of plants at different 
stages of growth, under field conditions, the rye plant was selected. The 
seeds were planted in the fall in a small plot of ground, which received no special 
fertilizer treatment. The plants used at each analysis were selected at ran- 
dom from various parts of the plot, then were well mixed, The first sample 
was taken on April 28, when the plants were only 10 to 14 inches above ground. 
The plants were sampled again on May 17 when a few of the plants had just 
begun to form heads, while in most plants the heads were still invisible; in 
the case of both samples, the whole plant was taken, by cutting it off just 
above ground. The third sample was taken on June 3, just previous to bloom- 
ing; in this case the plants (without the roots) were divided into 2 parts: (a) 
heads, and (b) stems and leaves; (a) and (b) were analyzed separately. The 
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fourth sample was taken on June 30, with heads fully formed, grains well filled 
and in milk, just beginning to become hard; in this case the plants were har- 
vested together with the roots, then divided into 3 portions: (a) heads, (6) 
stems and leaves, (c) roots. The excess of soil adhering to the roots was washed 
off with a stream of water. 

The various samples of plant material were cut into fine pieces with scissors, 
as soon as they were harvested and brought into the laboratory. The moisture 
content was immediately determined by the ordinary method of drying at 
100°C. to constant weight. Fresh portions of plant material, equivalent to 
2 gm. of dry matter, were immediately added to 100-gm. portions of sand or 
100-gm. portions of soil in flasks, for the study of the decomposition of the 
material. The sand cultures received 15-cc. portions of a nutrient solution 


TABLE 2 
Decomposition of rye at different stages of growth 
(2 gm. of dry material added to 100 gm. of sand or soil medium) 


AVAILABLE NITROGEN 
CO:2 GIVEN OFF IN (NH3- N +NO;-N) 

sieidiiiaa aa ‘ae 27 DAYS ABSORBED (—) OR 

DATE OF SAMPLING SAMPLE Ge LIBERATED (+) 

MATERIAL 

Sand Soil Sand Soil 
medium medium medium medium 
per cent mgm. C mgm. C mgm. N mgm. N 
Oe I 2.50 | 337.7 | 286.8 | +10.1] +22.2 
co [EY a II 1.76 286.5 280.4 +0.8 +3.0 
WAMIO TS icwieracaGssuonsee IIIa 1.01 215.7 199.5 —12.1 —7.5 
ROIS oo oes eee bea seen III b 2.20 261.9 244.8 +5.7 +7.5 
MMO IO ieres isa ce bite aie IVa 1.26 269.9 2134 —4.4 —2.1 
I EV OE Ee ro IV b 0.24 221.4 187.9 —16.0 —8.9 
MODE SOc iccrccy esa cesar Wee 0.55 187.0 158.4 -—8.1 —9.4 


* Root material used in the decomposition was equivalent to 1.67 gm. of moisture-free 
and ash-free organic matter. 


containing 250 mgm. (NH4)2HPO,, 100 mgm. KCl, and 100 mgm. MgSO, 
in tap water and were inoculated with a dilute suspension of fresh soil. The 
moisture content of the soil was brought to an optimum; no nutrients were 
added to the soil in the case of the first and second samples, one-third of the 
amount of the nutrients used in the sand cultures was added to the soil con- 
taining the third sample, and a full concentration of nutrients was used for 
the fourth sample in the soil as in the sand cultures. Both sets of cultures were 
placed in the thermostat connected with the aeration apparatus and incubated 
for about four weeks at 25-28°C. The carbon dioxide liberated in that period 
of time was determined at frequent intervals. 

The remaining plant material from each sampling was dried at 80 to 90°C. 
and subjected to a detailed analysis, according to the procedure outlined pre- 
viously (14). Table 1 shows the composition of the straw at different dates of 
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sampling. Table 2 shows the rapidity of decomposition of the plant at various 
stages of growth, as indicated by the evolution of CO: as well as by the libera- 
tion or absorption of available nitrogen. Tables 3 and 4 show the comparative 
composition of the organic matter at the beginning and at the end of decompo- 
sition processes. In figures 1 and 2 the rates of decomposition of the organic 
matter in sand and soil media, as indicated by the evolution of COs, can be 
compared. 

The results shown in table 1 tend to explain the reason for the difference in 
the decomposition of plant materials at different stages of growth. When the 
rye plants are only 10 to 14 inches above ground, 80 per cent of the plant ma- 
terial consists of water, and, of the 20 per cent dry matter, just one-third is 
water-soluble. The pentosan and cellulose contents are low; the lignin content 
in the young plant is less than a half of that found in the mature plant. ‘The 
ash and nitrogen contents are high, but two-thirds of the ash is water-soluble, 
and a little less than one-third of the nitrogenous substances is water-soluble. 
The analysis accounts for only 94.98 per cent of the plant constituents, as 
shown in the following summary: 


per cent 
PenLEEV EL Suet cr es =a oo aeN sh eae tS SEE baa SW eb eNews Renae Sh Aeseeas see 7.66 
ee ee EERE oo rela ve vo oc nosh aie wea ce Gnk> oak awee Sawweuee 2.60 
Water-soluble fraction (-ash Content) ...........00ccccceccscsccccveseseces 29.16 
SESE OCU eee. ney Toe rat GLE BW pis sles sw Gals ceien Main wie 69896 9.90 
TPR Oe ert c oue eo aam SL tis ene ta ees wnnn cee ein sence ee 16.60 
SMP Te Ooh chen Sean e te ee entry nh buaaS a Wieneelex ene anee ews 18.06 
Det SNM ITEE MMINEAEN S<.35 156 o wicis wee een oes oulee se Secu van eaatevieielars 11.00 

94.98 


The remaining 5.02 per cent of the material unaccounted for consists of car- 
bohydrates insoluble in water, outside of the pentosans and celluloses; namely, 
the starches, pectins, and various hemicelluloses. The existence of these 
carbohydrates is indicated by the high content of reducing sugars in the frac- 
tion soluble in alkali and in hot hydrochloric acid, since boiling with 2 per cent 
acid resulted in the hydrolysis of these carbohydrates. 

The presence of a large amount of water-soluble substance and the high 
nitrogen content account forthe rapidity and amount of decomposition (fig. 1,2), 
as indicated by the evolution of CO, and by the rapid liberation of nitrogen 
in an available form, namely, as ammonia and nitrate. Out of 47.7 mgm. of 
nitrogen present in the 2 gm. of dry material, 10.1 mgm. of nitrogen was 
liberated in the sand medium, and 22.2 mgm., or nearly one-half of the total 
nitrogen, in the soil medium, in a period of 27 days. The differences in the 
liberation of available nitrogen and in the evolution of CO, in the sand and soil 
media can be readily explained by the nature of the organisms which took a 
more active part in the decomposition processes. The sand, being more open, 
favored a more rapid development of the fungi; these decompose the organic 
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matter more rapidly, but they store away in their cell substance a greater 
amount of nitrogen. The soil medium, being more compact, favors a greater 


development of the bacteria decomposing the various plant constituents; less 
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of the nitrogen, therefore, was reassimilated and more of it liberated in an avail- 
able form. The soil may also allow a more rapid development of secondary 
organisms, which decompose the synthesized organic material. 
No complete analysis was made at the end of the decomposition period. The 


324 SELMAN A. WAKSMAN AND FLORENCE G. TENNEY 


water-insoluble organic matter was reduced from 1,347 mgm. at the beginning 
of decomposition to 300 mgm. at the end of decomposition in the sand medium; 
in other words nearly all the organic matter has become decomposed and the 
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Fic 2. InrtugNce or AGE or PLANT (STEMS AND LEAVES) ON ITS DECOMPOSITION IN SOIL 
MepIvuM, AS INDICATED BY THE EVOLUTION OF CARBON DIOXIDE 


remaining material is largely synthetic in nature, as seen from the amount of 
nitrogen stored away by the organisms. 

The nitrogen content of the humus of the control was 51.9 mgm. nitrogen 
for humus extracted from 100 gm. of soil and 78.9 mgm. nitrogen in the humus 
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of the soil receiving 2 gm. of the young rye plants. The nitrogen added in the 
plant material was 47.7 mgm. Of this 22.2 mgm. was made soluble, the insol- 
uble form accounting fully for the increase in the “humus” nitrogen in the 
soil. 

An examination of the results of the second sampling, taken on May 17, 
tends to confirm those of the first. The water content of the plant is still very 
high, being 78.77 per cent of the total fresh weight of the plant. The analysis 
of the plant accounts for 94.53 per cent of its constituents: ash, 5.90; ether- 
soluble portion, 2.6, water-soluble (-ash content), 18.10; lignin, 11.8; pentosan, 
21.18; cellulose, 26.95; protein, insoluble in water, 8.00. The ash and nitro- 
gen content have diminished; there was a marked reduction in the amount of 
water-soluble constituents, and an increase in the lignin, pentosan, and cellulose 
content. The decomposition of this preparation was less rapid than that of 
the first preparation in the sand medium, but was about the same as in the soil. 


TABLE 3 
Composition of organic matter at beginning and at end of decom posilion 
(Sampled May 17) 


ee AT END OF EXPERIMENT 
mgm. mgm. per cent 
Organic matter (free from water-soluble sub- 

SU EG ANIC BAIN) oe oo oes 5 vcarsierevaied oe os ast 7,465 2,015 27.00 
MOU NOEN cio ios e 6 bowie we Cae ea WEES 2,050 380 18.54 
Cellaiose (Calculated) = 5 soos. eesisevd sSiew es. 2,610 610 23.37 
WINES Aces entre epee ee Se eee ew 1,180 750 63.56 
Protein (insoluble in water)................. 816 253 31.00 
WARD URUOR FOR oot. ss.cccissin dice oeie ote 8.6 per cent 1.00 


The nitrogen content of the plant (1.76 per cent) was just about sufficient to 
allow the decomposition to proceed rapidly within the given period of time; the 
microdrganisms did not have to draw upon available nitrogen added or present 
in the soil; there was even a slight liberation of available nitrogen, especially 
in the soil medium. 

The decomposition of the rye plant of the second sampling was carried out in 
sand and in soil, in a manner previously outlined, but on a larger scale—47.1 
gm. of fresh material, equivalent to 10 gm. of dry matter, was added to 200 gm. 
of sand; 30 cc. of the above medium was introduced and the mixture inoculated 
with a suspension of fresh soil. At the end of 30 day’s incubation, the contents 
were well mixed and divided into several portions for analysis. Only 2,515 
mgm. of organic matter was left, including the water-soluble portion, i.e., 75 
per cent of the organic matter has disappeared. The remaining 25 per cent 
was made up of 7.5 per cent lignin, 3.8 per cent pentosan, 6.1 per cent cellulose 
(calculated), 5.0 per cent water-soluble material, and 2.6 per cent was not 
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accounted for—this consisted of insoluble minerals, ether-soluble substances, 
undecomposed protein, and synthesized cell substance. Over 80 per cent of 
pentosan and over 75 per cent of the cellulose were decomposed, whereas 
63.5 per cent of the lignin remained undecomposed. This is brought out in 
table 3. 

It is interesting to note that only one-third of the protein was left; more than 
two-thirds were decomposed and converted into ammonia and other water-soluble 
nitrogen compounds. It will be seen later that, with a decrease in the nitro- 
gen content of the plant material the reverse holds true; protein is synthesized 
rather than decomposed. 

The plants sampled on June 3 were separated into: 1. stems and leaves, and 
2. heads. The moisture content of the plant was considerably lower than in 
the previous two samplings. The ash content and especially the nitrogen con- 
tent have diminished appreciably in the stems and leaves but have increased 
in the heads. The pentosan content has increased both in the heads and stems, 
whereas the cellulose content has increased only in the stems. The balance of 
the analysis can be seen from the following summary: 


STEMS AND LEAVES HEADS 

per cent per cent 

IR Seah 4 cao aeic kisses ewaue sku aeshesuce 4.90 5.90 
PE NEE SEMENEUID icc s Suicis se lneike Nica us swe ween 1.70 1.95 
Water-soluble fraction (-ash content).................. 15.72 16.38 
MRR chores seiko eee hSotwpunkinbwtabweeeekuies 18.00 16.00 
ER sc Nana Poa tak tania aan eeu 22.71 22.67 
IES re awuussbics Seeweksabt seas esuuuws 30.59 20.11 
SE EL MOMIMIINED 5 65.5 oo 56S Shea bowie a seers 4.40 10.00 
PIN MEN ob oa cb vedo cece s xalse ans obbGanaueee 98.02 93.01 


There is a much better balance in the analysis of the stems and leaves than 
of the heads, because the starch, which has begun to accumulate in the grains, 
was not accounted for in this analysis. 

A study of the decomposition of the two fractions of the plant has brought 
out the fact that the heads decomposed more readily than the stems and leaves, 
no doubt because of the higher protein content, higher starch content, larger 
water-soluble fraction, and lower cellulose and lignin content. 

It is especially interesting to note the available nitrogen balance: whereas 
the decomposition of 2 gm. of dry material of the heads, both in soil and in sand, 
resulted in the liberation of available nitrogen as ammonia, the decomposition 
of the same amount of stems and leaves (the actual amount decomposed was 
less, as shown by the lower amount of CO: liberated), with a lower nitrogen 
content, resulted in the consumption of nitrogen. When a plant material 
contains about 1.7 per cent nitrogen, as in the rye of the second sampling, there 
seems to be about enough nitrogen forthe growth of microérganisms which decom- 
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pose this material more or less completely. When the plant material contains 
less than 1.7 per cent of nitrogen, as in the case of the stems and leaves of the 
third preparation, additional nitrogen will be required, before the organic mat- 
ter is completely decomposed (speaking, of course relatively, since if a long 
enough period of time is allowed for the decomposition, less additional nitro- 
gen will be needed). If the organic material contains more than 1.7 per cent 
nitrogen, as in the case of the plants in the first planting and the heads of the 
third sampling, a part of the nitrogen will be liberated as ammonia, in the 
decomposition processes. The difference between the nitrogen content of the 
heads and this hypothetical figure = 0.5 (2.2-1.7) per cent or 10 mgm. nitro- 
gen for the 2 gm. of organic matter used; actually 5.7 mgm. and 7.5 mgm. of 
nitrogen were liberated as ammonia in the sand and soil media respectively. 
The difference between the hypothetical figure and the nitrogen content of 
the stems and leaves was 0.69 (1.7-1.01) per cent or 13.8 mgm. nitrogen for 
the 2 gm. of plant material used. Actually 12.1 and 7.5 mgm. of nitrogen 
were consumed in the sand and soil media. Had the decomposition been 
allowed to proceed further, the results would have approached from both direc- 
tions the hypothetical figure, and, with prolonged decomposition (of synthe- 
sized substances) would have exceeded it. 

The rye plants sampled on June 30 were divided into three definite frac- 
tions: 1. heads, including the grains; 2. stems and leaves; and 3. roots, from 
which most of the adhering soil was removed by slight washing. The mois- 
ture content of the plant has decreased considerably, being only 15 per cent. 
The three portions were analyzed and their decomposition studied separately. 
The following summary gives a balance of the analysis of the three portions 
of the dry plant: 


HEADS ers gg (asi-rae 

per cent per cent per cent 
MGR ee eye iic elen ain wee aes Avis Wes ae ae 3.30 3.90 ? 
PUEESGORIISIC ACACUOR 6.2555 2555.6 oi s'05s 0% 0:50 eiehele s 0.59 1.26 0.80 
Water-soluble fraction (-ash content)........... 4.03 7.79 3.62 
0 SR A re) aR RA SRO a oc 6.90 19.80 17.10 
NRMINRSRENN ety. citroen ie cea otneae aie shen eect 11.90 22.90 26.55 
CLIC” Sa al or a oa Pe 4.59 36.29 39.67 
Protein (water insoluble) ..............00000800% 7.25 1.06 2.88 

USER POT. GONE 6 ies asia ii ech aan ewe eee n saree 38.56 93.00 90.62 


The incomplete balance in the analysis of the heads is due to the fact that the 
starch content was not considered in the analysis and the grains contain about 
60 per cent of starch as could well be illustrated by the high sugar content of 
the alkali and acid hydrolyses. The analysis of the stems and leaves shows 
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that the pentosan content has somewhat increased, whereas the lignin and the 
cellulose have increased considerably. The protein content has diminished 
very appreciably. An examination of the composition of the roots (on the 
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Fic. 3. DECOMPOSITION OF DIFFERENT PARTS OF MATURE PLANTS IN SAND MEDIUM. AS 
INDICATED BY THE EVOLUTION OF CARBON DIOXIDE 


basis of organic matter free from ash) shows that they are higher in pentosan 
and cellulose and lower in the ether-soluble and water-soluble portions. 

A study of the decomposition (fig. 3, 4) of the three fractions of the nearly 
mature rye straw shows that the heads decompose very readily, because of the 
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high content of nitrogen and starches; the decomposition of the stems and leaves 
is similar to that in the third sampling, irrespective of the fact that the nitrogen 
content of the stems and leaves in the fourth sampling is just about one-fifth 
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Fic. 4. DECOMPOSITION OF DIFFERENT PARTS OF MATURE PLANTS IN SOIL MEDIUM, AS 
INDICATED BY THE EVOLUTION OF CARBON DIOXIDE 


that of the third sampling. Since the protein content was rather low in both 
cases, additional nitrogen was introduced into the sand and soil. The less the 
nitrogen content of the plant, the greater was the consumption of nitrogen by 
the organisms which decomposed the plant materials. 
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The roots decomposed rather more slowly than the stems and leaves, prob- 
ably because of the smaller amount of organic matter introduced (3 gm. equiva- 
lent to 1.67 gm. of water- and ash-free organic matter as compared with 2 gm. of 
stems and leaves equivalent to 1.83 gm. of water- and ash-free organic matter). 

Parallel with these decomposition studies, 20-gm. quantities of fresh stems 
and leaves equivalent to 17 gm. of dry matter, were added to a series of flasks 
containing 200-gm. portions of either sand or soil. To bring the mixture to 
optimum moisture, 45-cc. portions of distilled water containing 500 mgm. 
(NH4)2HPO,, 125 mgm. KeHPO,, 100 mgm. MgSQ,, and 100 mgm. KCl were 
then added to each flask. The flasks were plugged with cotton and incubated 
for 2 months. At the end of the incubation period the culture material was 
taken out of each flask and divided into several definite portions for analysis. 
The results can be summarized as follows: 

In the sand cultures, of the 17 gm. added, there was left, on the average, 
8,770 mgm. of the water- and ash-free organic matter. The decomposition 


TABLE 4 
Composition of organic matter at beginning and at end of decomposition 
(Fourth sampling) 


pag cneriea AT END OF EXPERIMENT 
mgm. mgm. percent 

Organic matter (free from water-soluble 
PUPSIRGIES ANG BSN).....0. 2.205 2<5 secs ses 15,114 8,770 58.03 
DETER ato ec cea ke ecoen waren 3,928 1,553 39.54 
EL AS. ctocusnbeaeunnewaak whomenwon 6,262 2,766 44.17 
MOR ety panier wce aba ruue leakenien 3,403 3,019 88.72 
MNCS ochre re occu eee G tte 181 519 286.70 
NIEMINEN oc cits caus hoe Cas se | 10.25 per cent 10.41 


did not proceed further because of an insufficient supply of available nitrogen, 
since only traces of ammonia were left of the 100 mgm. of nitrogen added in the 
form of ammonium phosphate. The composition of the residual organic matter 
is given in table 4. 

Practically all the lignin present in the original plant material was found to 
be left at the end of decomposition. More than 60 per cent of the pentosan 
was decomposed, since only 39.6 per cent is left. Of the cellulose, 55.8 per cent 
is decomposed. Only 181 mgm. of protein, insoluble in cold water, was added; 
however, at the end of the experiment, 919 mgm. protein was found. These 
results definitely indicate that, in the decomposition of straw in the soil, the 
soluble sugars and starches are the first to decompose, followed by the pento- 
sans and celluloses. The pentosans decompose somewhat more rapidly than 
the celluloses. There is a considerable increase in the amount of protein mate- 
rial, because of the synthesizing activities of the microédrganisms, which use 
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the pentosans and celluloses as sources of energy. The lignins are not readily 
decomposed and the proteins accumulate. These point definitely to the nature 
of the “humus” complexes in the soil. 

The somewhat more rapid decomposition of pentosans than of celluloses 
has been observed by a number of investigators in the study of the composting 
of stable manure (10, 6). 

The results of the decomposition of the stems and leaves in soil are somewhat 
similar. Of 3,689 mgm. of pentosan added, only 1,313, or about 36 per cent, 
was left. Over fifty per cent of the cellulose was decomposed. 

The lignin remained largely undecomposed, and has contributed to the 
formation of humic acid in the soil. The “humic acid” content of the 200 gm. 
of soil increased from 912 mgm. in the control to 2,076 mgm. As a result of 
the decomposition of 17 gm. of organic matter, there was an increase of 1,164 
mgm. “humic acid” in the soil. The nitrogen content of this humic acid in- 
creased from 19.2 mgm. to 33.2 mgm. 


SUMMARY 


1. A detailed study has been made of the composition of the rye plant at 
different stages of growth and of its decomposition in sand and in soil by 
microdrganisms. 

2. The young plant consists of 80 per cent moisture. A third of the dry 
portion of the plant is soluble in cold water. The plants contain 2.50 per cent 
nitrogen, 7.66 per cent ash, 16.6 per cent pentosan, 18.06 per cent cellulose, 
and 9.9 per cent lignin. 

3. With the advance in age of plant, there is a gradual decrease of the nitro- 
gen, ash and fat content, also of the water-soluble portion, and a gradual 
increase in the content of lignin, pentosan, and cellulose. At maturity, the 
stems and leaves of the plants contain only 0.24 per cent nitrogen, 9.9 per cent 
water-soluble substances, 19.8 per cent lignin, 22.9 per cent pentosan, and 36.3 
per cent cellulose. 

4. The heads and grains of the rye plant contain considerably more nitrogen 
than the stems, leaves, and roots; less lignin, pentosan, and cellulose; but con- 
siderably more starch. 

5. The more mature plants decompose more slowly than the younger plants. 
The rapidity of decomposition depends upon the amount of water-soluble 
constituents, nitrogen content, lignin content, etc. 

6. The rapidity of liberation of nitrogen in an available form depends upon 
the nitrogen content of the plant and upon the rapidity of decomposition of 
the plant constituents. The younger the plant, the higher is its nitrogen con- 
tent and the more rapidly does it decompose; this is accompanied by the libera- 
tion of nitrogen in an available form. 

7. When the nitrogen content of the plant is about 1.7 per cent, it is just 
sufficient to cover the requirements of the microérganisms which are active in 
the decomposition of the plant material within a period of 4 weeks. If the 
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plant contains more than 1.7 per cent nitrogen, the excess of nitrogen is rapidly 
liberated in an available form even within the first 4 weeks of decomposition. 
If the plant material contains less than 1.7 per cent nitrogen, an additional 
source of available nitrogen will be required before it can be completely de- 
composed. The lower the nitrogen content of the plant the greater is the 
amount of additional nitrogen required, or the longer will be the period of time 
required for the decomposition process. 

8. Since there is a very definite ratio between the energy and nitrogen con- 
sumption of the microérganisms decomposing the organic matter, it is easy to 
calculate, with any given amount of plant material and a known nitrogen 
content, whether nitrogen will be liberated in an available form or additional 
nitrogen will be required within a given period of time. It is also possible to 
calculate how much of this nitrogen is required for the decomposition of the 
plant material and how long it may take before the nitrogen is again made 
available. 

9. In the decomposition of plant materials in the soil, the soluble organic 
substances are the first to be decomposed, followed by the decomposition of 
the pentosans and celluloses, the first tending to disappear somewhat more 
rapidly than the second. ‘The lignins decompose less rapidly than any of the 
major plant constituents and tend to accumulate in the soil. The plant proteins 
are readily decomposed and, instead, microbial proteins are synthesized. The 
latter process accounts for the need in nitrogen for the decomposition ofthe 
plant materials. 

10. The accumulation of the lignins, which resist decomposition more than 
the other plant constituents, and the synthesis of microbial nitrogenous com- 
plexes account for the increase in soil “humus” as a result of decomposition of 
natural organic materials. The synthesizing activities of the microdrganisms 
account for the nitrogen content of this “humus.” 
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INTRODUCTION 


This paper is the third in a series of reports, the first two of which were made 
upon arroyo bank soil and Atlantic Coast dune sand respectively (1, 2). The 
work herein reported was done during July and August, 1925, upon sand from 
the dunes at the southern end of Lake Michigan.! 


METHODS AND MATERIALS 


The methods used were the same, in general, as those described in the second 
paper of the series (2). On account of the chlorination of the Chicago tap 
water it was replaced in the nutrose agar by distilled water and salts, as sug- 
gested by Waksman and Fred (5). Glucose broth was made from beef-extract 
peptone broth instead of the Difco dehydrated product and 1.5 gm. of beef- 
extract was used. Nitrate broth was made according to the directions in the 
Manual of Methods (3). 

Soil was collected from two stations, instead of from two places at the same 
station. Station a was the east slope of a rejuvenated second series cotton- 
wood dune in Indiana, about 50 feet above, and approximately 200 feet from, 
Lake Michigan, due north of Long Lake Station on the interurban line (pl. 1. 
fig. 1). A low ridge of dunes formed the first series. Station b was the west 
slope of a dune north of Port Chester, Indiana, on the side of a wide wind 
trough extending inland from the Lake (pl. 1, fig. 2). This station was a few 
miles east of station a. It was also slightly farther from the lake but was at 
approximately the same altitude. 

On account of infection by actinomycetes, coming apparently from the 
soil outside the laboratory windows, it was exceedingly difficult to obtain 
accurate results. With a few exceptions at the beginning of the work, the 
transfer hood was used for all plating and transfers. Several collections of 
soil were made and many series of plates were poured. Obviously contami- 


1 The opportunity to do this work was afforded by the courtesy of the staff of the depart- 
ment of botany of the University of Chicago, to whom the writer presents her sincere thanks. 


335 


336 LAETITIA M. SNOW 


nated plates and questionable cultures were discarded and the averages of plate 
counts were made from a large number of observations. All cultures were 
checked. It is possible that this elimination was too severe, since the numbers 
of organisms per gram of soil were much below what might have been expected 
for such soil (see table 5). 

The object of these surveys was to obtain a general comparison of the 
bacterial floras of fairly similar soils in various parts of the country. This 
report, therefore, will be restricted to summaries and averages of data from the 
soil collected at depths of 6, 12, and 24 inches at both stations in Indiana, 
arranged in tabular form with similar summaries and averages from the other 
two soils. 


TABLE 1 
Annual rainfall for five years previous to the study 


LOCALITY AVERAGE VARIATION 
inches inches 
PUN IPITEIMEN Ow 555 oo case wesw pws ese cane eee eames ce 13.27 10.37-19 .66 
SUT IMME es PSN G noi es unebesbenSsesbeaseass 33.10 28.72-38.20 
1 ee 43.54 39 .08-50.48 


* Hobart, Indiana, 5 miles south of Long Lake, was the nearest station from which climat- 
ological data could be obtained. 


TABLE 2 
Summary of the sizes of soil particles 
HABITAT > 2. 1-2 uu. | 0.5—1 now. | 2! — <0.1 + wm. 
per cent per cent per cent per cent per cent 
OTR six tin bowen seawisnides 0.23 0.63 3.33 45.00 50.73 
Ee ee re ee ee None None 0.77 98.86 0.40 
rT ee re None 3.3) 68.57 25.80 Trace 
DISCUSSION 


From the tables it will be noted that, with regard to the rainfall and charac- 
ter of the soil, the lake dune habitat was intermediate between the arroyo bank 
and the marine dune. The arroyo soil was the driest, the most alkaline, and 
contained the largest amount of soluble salts. Very small quantities of 
soluble salts were found in the two dune soils, but it is interesting to note that 
sulfates predominated in the lake dune, and carbonates in the marine dune. 
In the arroyo soil, nitrates formed the largest percentage. 

The figures given in table 5 for the numbers of organisms per gram of the 
lake dune sand are not considered to be at all satisfactory. As has been 
mentioned, rigid exclusion of all possibly infected plates probably accounts for 
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TABLE 3 
Summary of the physical characters of the soils 
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ATE , < LE OPTIMUM RELATIVE 
HABITAT content | capacity | MATERIAL | (WATER, | | WATER 
per cent per cent per cent per cent percent 
PATOVO AM Ss: ioe ce ote Gives oie oes 2.01 27.70 1.90 19.37 7.30 
PAO AO occ Kae siete Ss swe nies 2.85 25.00 0.33 17.50 10.72 
NU BSANC RUNG 35.2 65. s5s0.5 visio cioiarasle ei 2.87 23.50 0.27 16.45 12-21 
* Optimum water content is taken to be 70 per cent of capacity. 
+ By relative water content is meant the percentage of capacity present. 
TABLE 4 
Summary of the chemical characters of the soils 
TOTAL 
HABITAT REACTION | SOLUBLE CO; SOs Cl NOs, ETc. 
SALTS 
pH per cent per cent per cent per cent per cent 
AT OVO DANK oie50 nS seneeaea,s 8.6-9.0} 0.054 | 0.0100 | 0.0120 | 0.0010 | 0.0350 
OUC EST Lg oe er ee 7.5-8.0} 0.012 | 0.0005 | 0.0082 | 0.0005 | 0.0028 
INNA TANC AUG 3 ois sence cidssiescie eae 6.8-7.2| 0.007 | 0.0050 | Trace | Trace | 0.0020 


* The analysis of the soil for the water-soluble salts was made by Miss FrancesSeaver, 
under the direction of Dr. Mary A. Griggs, Associate Professor of Chemistry, Wellesley 
College, to whom the writer presents her sincere thanks. 


TABLE 5 
Average numbers of organisms per gram of fresh soil 
HABITAT DEPTH ToTaL count | ACtm. FUNGI ee 

inches per cent per cent per cent 
6 401,000 |} 48.50 0.50 51.00 
12 1,898,500 | 47.47 101 ed | 

A ARE. sshiienen saat eae ; 
eet 24 916,500} 55.01 | 0.85 | 44.04 
All 1,072,000 | 52.40 0.77 46.81 
6 12,950 | 13.89 2.47 83.63 
Make dunteuiass s onceseectokceen 12 20,960 | 10.92 2.00 87.07 
24 18,890 | 19.58 1.79 78.61 
All 17,600 | 15.19 2.00 82.80 
6 199,900 | 28.25 2.95 68.78 
WIM TINe UNC 6G Sivis Sse aise actete'e 12 49,400 | 14.97 1.82 83.40 
24 31,900 | 13.79 1.56 89.63 
All 93,700 | 24.01 2.56 13.00 
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the low numbers which were, however, rather uniform for the three collections.? 
The three depths are presented because the 12-inch layer had a somewhat 
higher count than the 6-inch stratum. 


TABLE 6 
Percentages of colored bacteria, or yeasts, on plates 


HABITAT | WHITE | YELLOW ORANGE | RED | ae BROWN 
| 
| | 
Arroyo bank................... | 88.33 | 6.39 | 0.28 | 1.11 | 1.39] 2.50 
NN yo inccGrcwsinnsienes | 83.01] 3.07 | 0.27 | 0.54 | 13.09] Few 
Marine dune..................- | 75. 78 | 7.23 | 1.57 | 0.94 | 14.46] Few 


* By transmitted light these were cai dim, colorless colonies which became bluish, 
greenish, or pearly iridescent by reflected light. 


TABLE 7 
Summary of the morphology of bacteria in pure cultures 


: | | LONG RODS | GRAM’S STAIN 
| COCCUS | | 
TOTAL SMALL 
8) | 
HABITAT | NUMBER) (, am | props | | 
een a | Spores | None | Positive |Variable} Negative 


| 
percent | percent | per cent per pe per cent |e percent 


| 
a as ee 54 | 24.10 | 20.40 | | 42. 60 | 12. o0, 35.20 64.80 
Oe | 15.73 | | 46.07 | 22.47 | 15.73 | 31.81 3.40 | 64.77 
Marine dune............ | 61 | 27.87 | 42.62 | 19.67 | 9.83 | | 38. 33 | 1.67 | 60. 00 


TABLE 8 


Summary of culture reactions 


| 


| BACTERIA CAUSING ACID | ae 

BACTERIA DIGESTING CTE 
| FERMENTATION OF | s | BACTERIA 
| REDUCING 


HABITAT | anne . | NITRATES 
| TO NITRITES 


| Glucose | Sucrose | Lactose | Gelatin | Casein | 
| percent preeeow percent | percent | perbent | percent 
Arroyo bank................. | 35.80 | 28.30} 2.20* | 72.50} 56.50) 32.60 
ee | 24.65 26.39] 3.85¢ | 70.83 | 32.05] 18.98 
Marine dune................. 31.58 | 24.53 Pt 58.49 | 40.00 | 23.73 
* One ey in 24-inch ne 
{ Three forms in 24-inch soil. 
¢ One form in 6-inch soil gave a questionable reaction, either neutral or very slightly acid. 


The percentages of colored forms and the study of pure cultures are pre- 
sented in tables 6,7, and 8. ‘The large percentage of fluorescent forms in dune 
sand from both sashes is very interesting, and may be due to the proximity 


? It was planned to have soil collected by exactly the same method, from exactly the same 
locality and sent to Wellesley, where the plate counts could be checked, but the plans failed of 
fulfillment and the check could not be made. 
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of a large body of water, a situation which was in marked contrast to the con- 
ditions in Arizona. In all three soils, white forms were the most abundant 
and, exclusive of the fluorescent colonies, yellow was the dominant color. No 
blue, purple, or black forms were found. 

One hundred and twenty-four colonies, with as wide a range of character- 
istics as possible, were selected and studied in pure culture. Eleven cultures 
died and the remaining 113 formed the basis for the morphological and cultural 
study. Of these, 10 were actinomycetes; 14, yeasts or yeast-like forms; and 
89, bacteria. The cultural study was confined to the last group, the results 
of which are given in tables 7 and 8, in comparison with similar results from 
the other soils. In the dune soils the small rods predominated, whereas in 
the arroyo soil, spore-bearing rods held first place. The percentage of cocci 
in the lake dune was low. Gram-negative forms predominated in all three 
soils with remarkably uniform percentages. The culture reactions for the 
three soils were, in general, rather similar. Roughly, one-third of the forms 
were sugar fermenters, although there was no gas formed at any time. Very 
few lactose-fermenting forms were found and these were practically confined 
to the 24-inch layer. There was less uniformity in the digestion of proteins 
and the reduction of nitrates. An attempt to group the organisms showed 
that although no very clear-cut lines could be drawn, the forms fell into 
certain broad groups. 


Arroyo Soil 


A. Long rods—29. All rather active forms, of which 26 were white and 3 yellow. They 
were either digesters or fermenters or both. Nearly all produced spores; about half 
reduced nitrates and half were gram-negative but there was no correlation between these, 
or other, characteristics. 

B. Short rods—9. Yellow, white, and red forms with yellow predominating. Nearly all 
were gram-negative. Usually there was digestion of proteins but no fermentation of 
sugars and little, or no, reduction of nitrates. 

C. Cocci—13. Mostly white, gram-negative digesters. There was total lack of fermenta- 
tion of sugars and reduction of nitrates. 


Lake dune soil 


A. Long rods—32. 
I. Spore-formers—21. These were all white or transparent. 
a. Active group—11. Mostly transparent and viscid, gram-positive digesters, 
fermenters, and nitrate reducers. 
b. Inactive group—10. In general these were fermenters but non-digesters; 
none reduced nitrates. 
II. Non-spore-formers—11. A rather inert group of white, or yellow, forms culturally 
like Ib. 


B. Short rods—34. 
I. Active group—9. White forms, with one exception all gram-positive; no uniformity 
in culture reactions. 
II. Inactive group—25. White or yellow gram-negative forms which, as a rule, did 
not ferment sugars, digest proteins or reduce nitrates. 
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C. Cocci—13. Mostly digesters but non-fermenters, with little or no power to reduce 
nitrates. 
I. Gram-negative, white, yellow, or pink forms—9. 
II. Gram-positive, white, yellow, or orange forms—4 


Marine dune soil 


A. Long rods—18 
I. Spore-formers—12. Almost exclusively white, gram-positive forms which fer- 
mented sugars and digested proteins; only one reduced nitrates. 

II. Non-spore-formers—6. White, yellow, or brown forms which showed no uniform- 
ity in characteristics except total lack of reduction of nitrates and a nearly 
consistent gram-negative reaction. 

B. Short rods—25 
I. Active group—12. White or yellow (one brown), gram-positive forms; as a rule, 
fermenters but non-digesters; about half reduced nitrates. 

II. Inactive group—13. White or yellow (one red), gram-negative forms; as a rule, 
neither digesters nor fermenters; none reduced nitrates. 

C. Cocci—17. White, yellow, orange, or pink forms; mostly gram-positive digesters, but 
non-fermenters; about one-third reduced nitrates. 


If the distribution of the various groups in the three soils is compared, it is 
found that in the arroyo soil the active long rods were most abundant in the 
12-inch layer; the short rods were found chiefly at 6 inches and 24 inches; and 
the cocci at 6 inches. In the lake dune sand the cocci and active short rods 
were found in the 6-inch and 12-inch layers only, the active spore-formers 
almost exclusively at 24 inches, whereas the inactive short and long rods were 
about evenly distributed in the three layers. In the marine dune sand the 
short rods (active and inactive groups) were found almost exclusively in the 
upper two layers and were most abundant at 6 inches; the spore-forming rods 
were almost entirely restricted to the lower two layers and were most abundant 
at 24 inches; the cocci were most abundant at 12 inches; whereas the few 
non-spore-forming long rods were fairly evenly distributed in the three layers. 


SUMMARY 


1. Lake Michigan sand dunes were intermediate between the arroyo bank 
in Arizona and the Atlantic Coast dunes of Massachusetts, in rainfall and in 
physical and chemical character of the soil. 

2. On account of certain difficulties in plating, the total numbers of organ- 
isms obtained were not considered reliable. The figures given are much below 
those which might be expected for such soil. 

3. There were large percentages of fluorescent forms in both dune soils, 
probably because of the proximity of large bodies of water. 

4. In the dune soils, short rods predominated whereas in the arroyo soil, 
spore-bearing rods held first place. 

5. The three soils were strikingly similar in (a), predominance and per- 
centages of gram-negative forms; (b), total lack of gas-formers; (c), almost 


BACTERIAL FLORA OF WIND-BLOWN SOIL. III 341 


total lack of lactose fermenters; (d), the predominance of white forms, with 
yellow the most usual color; and (e),the total lack of purple, blue, and black 
forms. 

6. A classification of the organisms is suggested with a brief discussion of 
the distribution of the various groups in the three soils. 
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Various methods have been used in the past to measure the availability of 
the more important soil constituents. These methods have involved extraction 
of the soil with water, carbonated water, salt solutions, and dilute organic and 
inorganic acids. Mineral acids of relatively high concentrations have also 
been used. It is now recognized, however, that although certain of these 
solvents may serve to determine the availability of a single soil constituent, 
the same will not necessarily hold true in the case of other soil constituents. 

At the present time, studies are being made of methods other than those 
involving extraction with solvents. Among these, that of measuring the 
availability by means of plants grown on the soils tested, and followed by 
determinations of the soil constituents absorbed, has been used to a certain 
extent. 

A considerable amount of investigational work has been conducted on the 
availability of soil potassium, on account of the fact that the ordinary agricul- 
tural soils contain sufficient quantities of this element to suffice for the growth 
of plants for an indefinite period, providing it is rendered soluble. Therefore, 
a study of the factors influencing the solubility of soil potassium should be of 
interest both from a practical and scientific point of view. 

From the standpoint of plant nutrition, any information pertaining to the 
quantity of potassium available in soil at any one time, or during a growing 
season, or as to the form in which it occurs, is of considerable importance, and 
for these reasons, in part, the following investigation was undertaken. 


OBJECT OF THE EXPERIMENT 


The object of this experiment was to measure the availability of potassium 
in two soils of known history, by means of plants grown in direct contact 
with them, under controlled conditions, and to determine the quantity of this 
element absorbed. In order to do this a modification of the method of Neu- 
bauer and Schneider (4) was employed. The original method is described in 
detail by Ames and Gerdel (2). 


1 Published by permission of the Director of the Agricultural Experiment Station as scien- 
tific paper No, 431. 
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EXPERIMENTAL 


Description of materials used 


The soils used in this study were taken from plots 1 and 4, tier II, of the 
general fertilizer experiments of the Pennsylvania Experiment Station. These 
plots have been cultivated and cropped continuously since 1881. Plot 1 
received no fertilizer during this time but plot 4 was treated with 200 pounds 
of muriate of potash biennially, and when sampled had received 18 such appli- 
cations, the latest of these dressings being applied 14 months prior to sampling. 
These soils have been described by Frear and Erb (3), who used them for their 
work on a study of the condition of soil potassium as determined by means of 
solvents. 

The medium for plant growth used throughout this experiment was pure 
white sand which had been thoroughly washed with tap water and finally with 
distilled water. 


TABLE 1 
Composition of nutrient solution 
MATERIAL AMOUNT VOLUME APPLICATION 

gm. ce. ce. 
IED oi onnc. Guuken scars vse raekee snes 14.4908 8000 10 
CORN G OOS: 2) OS a aee es net eee ree 25.9389 8000 10 
CSCS) Ef eevee ee ene rere 68.5225 8000 10 
DRONA SIRAIO oo 5 Sic cenec ovawweuawse cn saswe 99 .7879 8000 10 
MMS Seek, Siro eon aeor aeoue oe eee 9.1661 2500 10 
GD MEDD Sir ny we nawiesuueanawesuc eee 0.1000 250 1 


Since buckwheat absorbs potassium in relatively large quantities and grows 
well under greenhouse conditions, this plant was chosen as the crop to be 
grown, and in order to insure a good growth, only carefully selected and 
healthy seeds were planted. 

Fifteen seeds were added to each of the jars, and after germination six or 
seven plants were allowed to develop and the others were removed. The jars 
contained 2,750 gm. of sand, alone, or with varying quantities of soil. 

A complete nutrient solution was added to those jars not receiving a potash 
addition in the form of soil. Where soil was present, potash was omitted from 
the nutrient solution. The composition and rate of application of this solu- 
tion are given in table 1. 

Each jar was kept at approximately 14 per cent moisture content with dis- 
tilled water throughout the experiment. 

The amounts of treated and untreated soils added to the various jars and 
thoroughly mixed with the sand before moisture was added, were 12.5, 25.0, 
37.5, and 50.0 gm. 

The first application of the nutrients was made on July 12, one week after 
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TABLE 2 
Additions to the quartz sand medium in which plants were grown 
SUPPLEMENTAL TREATMENTS 
JAR NUMBERS Soil additions Nutrient additions 
Plot 1 Plot 4 Kind of solution | Quantity applied | Time of application 
gm. gm. 
AG A eowae seca Complete Single Weekly 
Sf OF WN dacs. Ul ecials's Complete Single Semiweekly 
| OT serene eer Complete Double Weekly 
M9 -12-13-18 csc, | sas K-free Single Semiweekly 
15-16-17-18 | ..... 12.5 K-free Single Semiweekly 
19-20-21-22 | ..... 25.0 K-free Single Semiweekly 
23-24-25-26 | ..... 37.5 | K-free Single Semiweekly 
27-28-29-30 | ..... 50.0 | K-free Single Semiweekly 
31-32-33--34 Bee Yt cisratsis K-free Single Semiweekly 
35-36-37-38 Ze Wt ascayerste K-free Single Semiweekly 
39-40-4142 STD” NW scars K-free Single Semiweekly 
4344-45-46 S020! 1h wexGee K-free Single Semiweekly 
TABLE 3 
Total yield of dry matter and quantity of potassium absorbed 
WEIGHT OF WEIGHT OF . WEIGHT OF WEIGHT OF 
wvaer | "PLANTS MATERIAL slam wowper | "PLANTS MATERIAL pan. 
gm. mgm. gm. mgm 
1 6 2.56 77.4 3 if 1.81 68.3 
2 6 3.06 76.5 + i 2.90 69.9 
5 6 et 136.9 7 e 4.99 161.8 
6 6 3.06 121.6 8 7 5.26 159.6 
9 6 4.95 STH Sash WM wense, HL secws WE diese Sor 
10 6 3.89 U2) A ee eee Stbatie, UM tose Sate 
11 6 0.77 Zt 13 7 0.79 | 
12 6 0.57 2:6 14 7 0.64 2.6 
15 6 0.99 4.2 17 7 1.19 6.4 
16 6 1.23 6.1 18 i 1.63 7.6 
19 6 1.66 21 7 1bn( cal Peete 
20 6 1.81 wees 22 7 1.82 9.2 
23 6 2.28 1.7 25 7 2AS 11.1 
24 6 2.14 10.8 26 7 3.16 aS-3 
27 6 3.55 16.1 29 7 3.23 11.9 
28 6 Ber 17.55 30 7 4.06 17.6 
31 6 1.05 x Taf $3 7 1 ag | 4.7 
32 6 1.06 3.5 34 7 1.06 Set 
35 6 1.06 S.7 37 7 1.49 6.6 
36 6 0.90 5.4 38 Z 1.06 5.9 
39 6 1.44 8.1 41 ’| 0.96 out 
40 6 LZ ag 42 < 1.24 Vee 
43 6 1.46 7.9 45 7 1.38 1.2 
Ad 6 1.28 7.6 46 7 1.32 7.6 
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planting, followed by successive additions at weekly or semiweekly intervals 
according to the plan of the experiment. 

The jars were weighed daily, care being taken to prevent undue evaporation, 
by white-washing the greenhouse roof and by keeping the floors well sprinkled 
with water. 

TABLE 4 
Availability of potassium in the soils of plot 4 (treated) and plot 1 (untreated) 


JAR NUMBER PLOT NUMBER | WEIGHT OF SOIL ree Wee Moved on 8K oF AVAMANLE K 
ee CESS OF CHECK IN SOIL 
| gm. mgm per cent 

15 4 12.5 6 1.4 0.0112 
16 S IZ 6 3.3 0.0264 
17 4 12.5 7 3.4 0.0272 
18 4 12.5 ‘f 4.8 0.0384 
19 a 25.0 Oy Mi meeeG) ML eeu 
20 a 25.0 Oe SP eee | Ay kare 
21 + 25:0 ‘i, (SoS eee. (MPA a 
22 os 25.0 7 6.4 0.0256 
23 a 37.5 6 8.9 0.0237 
24 : TS 6 8.0 0.0213 
25 4 37.5 8.3 0.0221 
26 4 37:5 7 10.5 0.0280 
27 4 50.0 6 13-3 0.0266 
28 4 50.0 6 14.7 0.0294 
29 4 50.0 7 9.1 0.0182 
30 4 50.0 7 14.8 0.0296 
31 1 12:5 6 0.9 0.0072 
32 1 12:5 6 0.7 0.0056 
33 1 12.5 7 1.9 0.0152 
34 1 12:9 7 2.9 0.0232 
35 1 25.0 6 2.9 0.0116 
36 1 25.0 6 2.6 0.0104 
37 1 25.0 7 3.8 0.0152 
38 1 25.0 7 3.4 0.0124 
39 1 si.2 6 a8 0.0141 
40 1 37.5 6 5.0 0.0136 
41 1 fe) 7 2.3 0.0061 
42 1 Kf pees 7 4.4 0.0117 
43 1 50.0 6 ey | 0.0102 
44 1 50.0 6 4.8 0.0096 
45 1 50.0 cf 4.4 0.0088 
46 1 50.0 7 4.8 0.0096 


The plants started to bloom on July 30. In order to insure more growth, 
these blooms were removed and preserved for the final harvest, which was on 
August 23. At that time the plants were cut close to the sand, placed in 
large envelopes, and transferred to a drying closet. After the plants were 
dried, they were ground and preserved for analysis. 
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At the time of harvesting, an attempt was made to recover the roots. Un- 
fortunately, however, it was found impossible to remove them in their entirety. 
It was observed, however, that a rather excellent root development was ob- 
tained where the plants were grown in the presence of 50 gm. of treated soil, 
the roots extending to the bottom and throughout the mass of sand and soil, 
tending to hold it together. 

All plants grown in the presence of soil showed pronounced symptoms of 
potash starvation. Where 50 gm. of the treated soil was used, however, these 
symptoms did not appear until a week to ten days before harvesting. It was 
unfortunate that larger quantities of soil were not used in all cases, but the 
main endeavor in this experiment was to make potassium the limiting factor of 
plant growth. 

The method employed for the determination of potassium in the plants was 
the same as used by Ames and Boltz (p. 206). 

In every case, the entire yield of plants of each jar was taken for individual 
analysis. 

Presentation of data 


Forty-six jars were used in the experiment. To some of these were added 
complete or K-free nutrients in single or double quantities and at intervals of 
every week or twice a week. To some of the jars were added varying quanti- 
ties of treated and untreated soils. The supplemental treatments of the jars 
are given in table 2. 

With one exception, two sets of duplicates were run on all individual treat- 
ments, one set having 6 plants and the other 7 plants per jar. The total 
yields of material obtained from each jar, together with the quantity of po- 
tassium absorbed are given in table 3. 

Previous investigational work on the amount and condition of potassium in 
each of these two soils, as conducted by Frear and Erb (3) is given below: 


IN TERMS OF AIR-DRY FINE SOIL 
AMOUNT OF POTASH 
Plot 1 Plot 4 
per cent per cent 
K:0 K:0 
NIM Osa Neca sess rato tea ieee wl eI LoS toto ag acasesssataeese 3.8210 3.5430 
Soluble in hot 1.115 sp. gr. HCl, 10 hours, 1:10................ 0.3687 0.4092 
Soluble in warm 40°C., 0.2 N HCl, 5hours,1:10............... 0.0143 0.0301 
Soluble in distilled water, 
Rise metnoa,o nouts, 40°C., 1310)... ios siasecwusaweseas 0.0032 0.0049 
MIGSK:MetHOd, NICHES’ TESUIES.. cis. 5-. soo oc pele e sie ola os areata 0.0046 0.0075 
Percolation method, 21°C., 1:10, 4 to6days.................. 0.0045 0.0080 
Ei WARET INOMUCIAY WASHING: 5 .o.5 555.6 65 6 6 sas aise sc winlavea wa 0 dieses 0.0038 0.0087 
Soluble in carbonated water by percolation, 21°C., 1:10, 2 to 
“CEG BRAG ERNE aCEN I STEAMER AUD Pi Te orien ena Ee 0.0076 0.0140 
Soluble in 0.33 NW NH,CI solution, 5 hours, 40°C., 1:10 
AR NMA EMR eet Gate iis wp te cess vias wetlots al teaea 0.0094 0.0187 
SIROTA Ee RUEMO NON 1.05 aiais se ok oh es ee ea aes 0.0020 0.0021 
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The quantities of potassium absorbed by the six or seven plants of each set 
of duplicates of the soil treatments after subtracting the quantity found in 
the plants receiving the K-free nutrients, are given in table 4. 


DISCUSSION OF RESULTS 


The results obtained by this preliminary experiment, although not conclu- 
sive, show that the plants absorbed more potassium from the “treated”’ soil 
than from the “‘untreated.” It is also shown that plants must attain a certain 
condition of growth before they serve as a good index for determining the 
condition of potassium in soils. In an experiment of this nature, potassium 
must necessarily be the limiting factor of growth, but better results would 
doubtless have been obtained if more soil had been used. 

Because of the variation normally in evidence where but few plants are 
grown, there were slight variations in the quantities of potassium absorbed 
where the plants were grown under the same environmental conditions. No 
great difference was noted in the quantities absorbed by the six and the seven 
plants. Calculating the quantity of potassium absorbed by each set of plants, 
in excess of that absorbed by the check, and averaging the percentages ob- 
tained, it was found that the potassium available for plant growth in the 
treated soil amounted to 0.0252 per cent, and in the untreated soil, 0.0115 
percent. These are practically the same figures obtained by Frear and Erb 
(3) from their studies of these soils using 0.2 N HCI, namely 0.0250 and 0.0118 
per cent of potassium, respectively. 


SUMMARY 


This preliminary experiment suggests a method of attack for determining 
the availability of potassium in soils. Although the results are meager and 
do not warrant any definite conclusions, nevertheless, there seems to be a 
close correlation between the quantities of potassium absorbed by buckwheat 
plants above the roots and those obtained by the use of 0.2 N HCl asa solvent. 
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INTRODUCTION 


A description of the forest soil of northern Idaho and of the difficulties 
encountered in turning this soil into agricultural use has been given (2). This 
area at the present time is largely timbered, but is being converted to agricul- 
tural use as the timber is removed. The first crop after the removal of the 
timber is as good as could be expected considering the poor physical condition 
of the soil, but successive crops are even poorer than tke first for a period of 
several years. These soils are known to the homesteader as “turpentine 
soils,” but the actual inhibiting substance has not been found and the cause 
of unproductiveness is still to be determined. In the previous report, tree 
products were shown to inhibit ammonia and nitrate accumulation. The 
object of the present investigation was to study samples of soil taken at 
widely separated points over the forest area with the hope of throwing more 
light on the cause of unproductiveness. In this study special emphasis has 
been placed on nitrogen fixation but other phases of the problem are included. 

An effort was made to choose samples representing the various stages of 
crop history, from virgin timber to many years of cultivation. In no instance 
was it possible to obtain sufficient data on crop history to make an accurate 
classification. The number of years of cropping was estimated, which allows 
grouping into classes that are not definitely bounded. A total of 106 samples 
of the soil were collected over an area with a radius of approximately fifteen 
miles. The timber in this area is practically all yellow and white pine, red 
and white fir, cedar, and larch. 


EXPERIMENTAL DATA 
Distribution of Azotobacter in forest soils 


Unfortunately the method recently developed by Winogradski (3) for 
determining the approximate number of Azotobacter colonies in the soil was 
not available when this study was in progress. 


1 Published with the approval of the Director as Research Paper No. 40, Idaho Agri- 
cultural Experiment Station. 

2 Now Research Fellow, Northwestern University Medical School. 

3 Now Soil Biologist, Ohio Agricultural Experiment Station. 
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The quantities of potassium absorbed by the six or seven plants of each set 
of duplicates of the soil treatments after subtracting the quantity found in 
the plants receiving the K-free nutrients, are given in table 4. 


DISCUSSION OF RESULTS 


The results obtained by this preliminary experiment, although not conclu- 
sive, show that the plants absorbed more potassium from the ‘“‘treated’’ soil 
than from the “untreated.”’ It is also shown that plants must attain a certain 
condition of growth before they serve as a good index for determining the 
condition of potassium in soils. In an experiment of this nature, potassium 
must necessarily be the limiting factor of growth, but better results would 
doubtless have been obtained if more soil had been used. 

Because of the variation normally in evidence where but few plants are 
grown, there were slight variations in the quantities of potassium absorbed 
where the plants were grown under the same environmental conditions. No 
great difference was noted in the quantities absorbed by the six and the seven 
plants. Calculating the quantity of potassium absorbed by each set of plants, 
in excess of that absorbed by the check, and averaging the percentages ob- 
tained, it was found that the potassium available for plant growth in the 
treated soil amounted to 0.0252 per cent, and in the untreated soil, 0.0115 
per cent. These are practically the same figures obtained by Frear and Erb 
(3) from their studies of these soils using 0.2 N HCl, namely 0.0250 and 0.0118 
per cent of potassium, respectively. 


SUMMARY 


This preliminary experiment suggests a method of attack for determining 
the availability of potassium in soils. Although the results are meager and 
do not warrant any definite conclusions, nevertheless, there seems to be a 
close correlation between the quantities of potassium absorbed by buckwheat 
plants above the roots and those obtained by the use of 0.2 N HCl asa solvent. 
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timber is as good as could be expected considering the poor physical condition 
of the soil, but successive crops are even poorer than the first for a period of 
several years. These soils are known to the homesteader as “turpentine 
soils,” but the actual inhibiting substance has not been found and the cause 
of unproductiveness is still to be determined. In the previous report, tree 
products were shown to inhibit ammonia and nitrate accumulation. The 
object of the present investigation was to study samples of soil taken at 
widely separated points over the forest area with the hope of throwing more 
light on the cause of unproductiveness. In this study special emphasis has 
been placed on nitrogen fixation but other phases of the problem are included. 

An effort was made to choose samples representing the various stages of 
crop history, from virgin timber to many years of cultivation. In no instance 
was it possible to obtain sufficient data on crop history to make an accurate 
classification. The number of years of cropping was estimated, which allows 
grouping into classes that are not definitely bounded. A total of 106 samples 
of the soil were collected over an area with a radius of approximately fifteen 
miles. The timber in this area is practically all yellow and white pine, red 
and white fir, cedar, and larch. 


EXPERIMENTAL DATA 
Distribution of Azotobacter in forest soils 


Unfortunately the method recently developed by Winogradski (3) for 
determining the approximate number of Azotobacter colonies in the soil was 
not available when this study was in progress. 


1 Published with the approval of the Director as Research Paper No. 40, Idaho Agri- 
cultural Experiment Station. 

2 Now Research Fellow, Northwestern University Medical School. 

3 Now Soil Biologist, Ohio Agricultural Experiment Station. 
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TABLE 1 
Groups of timber soils with pH and presence of Azotobacter 

SOIL NUMBER GROUP pH ; Azo SOIL NUMBER GROUP pH AzO 
1 IV 7.05 - 46 II 6.88 - 
2 IV + 47 III alii - 
3 III - 48 II 6.78 — 
I 7.05 ~ 49 I : - 
5 Vv 7.05 = 50 II = 
6 II 6.68 + 51 I - 
7 I 6.36 - 52 II a 
8 I 6.27 ~ 53 I = 
9 V 6.15 _ 54 II ~ 
10 I 6.07 _ 55 II - 
11 II 6.95 - 56 Vv — 
12 Ill 6.90 - 57 II ere + 
13 V - 58 I 6.80 + 
14 V _ 59 Vv - 
15 I aes + 60 IV = 
16 I 6.07 - 61 Ill oe + 
17 III - 62 II 6.63 - 
18 V — + 63 III _ 
19 I 6.61 + 64 II _ 
20 I 7.19 + 65 II _ 
21 V 7.07 - 66 I _ 
22 I 7.10 - 67 III = 
23 I 7.10 - 68 IV se 
24 V 6.34 + 69 II _ 
25 I 5.90 - 70 I - 
26 I 5.66 _ 71 V _ 
27 Vv 6.25 - 72 IV = 
28 V 6.54 _ 73 Il _ 
29 V 7.42 - 74 II - 
30 I 6.32 - 75 III + 
31 II 6.70 - 76 lll 5 i 
32 III _ 77 II 6.58 - 
33 V _ 78 III - 
34 I - 79 III - 
35 II — 80 V = 
36 V ee ~ 81 Vv _ 
37 V 6.36 + 82 IV + 
38 II 6.42 + 83 IV + 
39 IV 6.20 - 84 IV = 
40 V + 85 Ill sae - 
41 V _ 86 V 6.15 - 
42 III + 87 V 6.47 _ 
43 II - 88 Vv 6.80 - 
44 I _ 89 Vv 6.40 + 
45 II MY edits _ W IV 6.30 _ 
91 I 6.69 - 99 II - 
92 V _ 100 Vv = 
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TABLE 1—Concluded 


SOIL NUMBER GROUP pH AzO SOIL NUMBER GROUP pH AZO 
93 V + 101 V - 
94 II - 102 V - 
95 V - 103 V - 
96 V _ 104 V - 
97 Vv - 105 V = 
98 Vv - 106 V = 


Samples of the soils were collected aseptically and brought to the labora- 
tory. Tests were made for the presence of Aztobacter by placing approxi- 
mately five grams of the soil in each of three 300 cc. Erlenmeyer flasks 
containing 25 cc. of sterile Ashby’s solution. The flasks were incubated at 
28°C. until a film had developed. This required approximately ten days. 
The film was then examined microscopically for the presence of Azotobacter. 

The hydrogen-ion concentrations of representative samples of the soil were 
determined electrometrically.* 

The data in table 1 show the hydrogen-ion concentration, the presence or 
absence of Azotobacter, and the group in which the particular soil is classed. 
Group I represents those soils still bearing virgin timber; group II, secondary 
timber; group III, cleared, burned, but not cultivated; group IV, cultivated 
from 1 to 5 years; group V, cultivated for a period of over five years. The 
boundary between IV and V is by no means accurate. 

By assembling the data in table 1 into groups according to stage of cultiva- 
tion, we have the following results: 


AZOTOBACTER 
GROUP NUMBER SAMPLES a 
Present Absent 

I 22 5 17 22:7 

II 22 4 18 18.6 

III 15 4 11 26.6 

IV 10 6 4 60.0 

Vv 37 7 30 18.9 

106 26 80 24.5 


It will be noted that there is little difference in the incidence of Azotobacter 
in groups I and II. This is to be expected in that the soil under secondary 
timber is subject to the same influence as that under virgin timber. There is 
a greater incidence in the soils cleared and burned and ready for the plow. 
The small number of soils in group IV and the fact that the distinction between 


‘ The hydrogen-ion determinations were made by Mr. Louis F. Cady of the Department 
of Chemistry, University of Idaho. 
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groups IV and V is not accurate, prevent any definite statement relative to 
the incidence in group IV. The soil cultivated for a number of years showed 
a smaller incidence of Azotobacter than soils under cultivation for a shorter 
period, but if we include the two groups in one group of cultivated soils we 
find the incidence of Azotobacter to be 27.6 per cent, which is greater than 
the incidence in groups I and II. Azotobacter was found in 26 of the entire 
106 samples, an incidence of 24.5 per cent. 

By arranging the samples in groups according to hydrogen-ion concentra- 
tion we have the following: 


AZOTOBACTER ease 

pH TOTAL CONTAINING 

Present Absent vate 

5.5 -6.0 2 0 2 0 

6.01-6.59 17 3 14 7s 
6.6 -7.01 11 3 8 iz 
7.01-7 .42 8 2 6 5.0 
Not tested 68 16 52 23.5 


It is interesting to note that the acidity of these samples is but slight. Of 
the 38 samples tested, only two were found with a pH below 6.0 whereas 8 
were slightly above 7.0. There is apparently no correlation between the 
acidity of these soils and the presence of Azotobacter when we consider only 
those with pH above 6.0. There is also no apparent correlation between pH 
and period of cultivation. 


Support of Azotobacter chrococcum 


One-hundred-gram portions of samples to 1 to 60, inclusive, were weighed 
respectively into 500-cc. wide-mouth bottles. The soils were then inoculated 
with a freshly isolated strain of Azotobacter, and the moisture content brought 
up to 25 per cent. They were incubated at 28°C. The moisture content 
was maintained by frequent additions of sterile distilled water. At one 
period in the experiment, after about six months’ incubation, all samples 
were allowed to air-dry in the bottles and remain in that condition for about 
two months, after which time the moisture was restored and maintained. 
Tests for the presence of Azotobacter in the samples were made at regular 
intervals by removing a small portion of the soil and placing it in sterile Ash- 
by’s solution. These tests were continued for a period of 18 months. 

Azotobacter was found to be present in 47 of the 60 samples under study 
after a period of 18 months. The pH of the 13 samples not having Azotobacter 
after the 18 months, varied from 5.66 to 7.42. The samples in which Azoto- 
bacter was not found were 2, 8, 10, 11, 12, 14, 18, 20, 23, 25, 26, 29, and 54. 
Four of these samples were found to have Azotobacter when first collected, 
which may be interpreted as indicating that Aztobacter was not a part of the 


EFFECT OF TREE PRODUCTS ON SOIL BACTERIA: II 355 


permanent flora of this particular soil or that it was present in such small 
numbers that its presence could not be demonstrated by the method used. It 
is apparent from these results that the organism will persist in the majority 
of these soils when inoculated. 


Nitrogen fixation in forest soils 


Twenty-four of the samples collected were tested for ability to fix nitro- 
gen when inoculated with Azotobacter. Six 100-gm. portions of each of the 
24 samples were weighed into wide-mouth bottles of 500-cc. capacity. Two 
were inoculated with Azotobacter, 2 were treated with 2 gm. of mannite and 
inoculated, and 2 were treated with 2 gm. of mannite and 2 gm. of calcium 
carbonate and inoculated. The moisture content was brought to 30 per cent 
an additional 2 gm. of moisture being allowed for each added gram of calcium 
carbonate. All samples were than placed unstoppered in the incubator and 
the moisture maintained by additions of distilled water and stirring each 4 
days. After 4 weeks’ incubation they were air-dried and passed through an 
80-mesh sieve, and total nitrogen was determined by the Kjeldahl method. 

The results, in common with many experiments on nitrogen fixation in 
soil, were inconsistent and not sufficiently complete for definite conclusions. 
Samples 26, 27, 30, 37, and 88 fixed amounts of nitrogen varying from 2 to 22 
mgm. per 100 gm. of soil in the absence of calcium carbonate, and 6 to 36 mgm. 
per 100 gm. in the presence of calcium carbonate. Four of these samples 
apparently contained no Azotobacter when collected. Number 37 contained 
Azotobacter when collected, and fixed 11.0 mgm. of nitrogen in the absence of 
CaCO;, and 36 mgm. in its presence. Three of the samples which fixed 
nitrogen were in group V and two in group I. 


Effect of tree products on nitrogen fixation in solution 


Various tree products, such as leaves, needles, cones, bark, and sawdust 
from the trees common to the timbered soils of the area under study were 
collected, finely ground, and stored in the laboratory. Ashby’s solution for 
the cultivation of Azotobacter was prepared according to the following formula: 


mM. 
DOU TCE TRCCUL ELC) LE CO lS i a ee 0.2 
Monobasic potassium phosphate.................00005 ab Sostarda aunts 0.2 
wy uTEE TLC CLC) cage Se ec eg ene 0.2 
CYP ETE CEL ON A ie te Pare ES oa O22 
HOES CRORE NCA TTL ors oes 5e 552s sto cairo sao ae ae ao vedio she ala aed aie erred aus eva 5:0 
TED UFC UES) 2 2 enn ne Se ee ee re ee 1000.0 


This solution was dispensed 100 cc. per Erlenmeyer flask of liter capacity. 
The tree products were then added to each of 3 flasks in the amounts indicated 
in table 2 and allowed to remain several days to become thoroughly saturated. 
Mannite was then added to each flask at the rate of 15 gm. per liter. Each 
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TABLE 2 


TREATMENT 


N FIXED PR 100 
CC. MEDIUM 


RELATIVE FIXATION 
CONTROL AS 100 


PER CENT 
fer cent mgm. per cent 
None <3 100 
{ Sawdust 1.0 7.3 100 
2.0 7.3 102.7 
| 3.0 6.8 93.2 
Ash { 
| Leaves 0 9.1 124.6 
2.0 10.9 149.4 
{ 3.0 10.7 146.6 
| Sawdust 0.5 5.09 69.7 
| 1.0 3.05 41.7 
2.0 1.95 26.7 
Cedar { 
| Leaves 0.5 7.8 106.9 
1.0 5.4 74.0 
( 2.0 4.8 65.8 
{ Sawdust 1.0 7.1 97.3 
| 2.0 6.9 94.5 
3.0 4.5 61.6 
Larch { 
| Needles 1.0 WR 90.4 
| 2.0 4.2 57.5 
| 3.0 4.0 54.8 
{ Sawdust 1.0 5.8 90.4 
2.0 6.9 94.5 
3.0 8.3 113.7 
Maple { 
| Leaves 1.0 2.0 27.4 
2.0 0.5 6.8 
{ a: ees con | eeaee er 
{ Sawdust 1.0 6.7 91.8 
| 2.0 7.0 95.9 
3.0 6.7 91.8 
White pine { 
| Needles 1.0 1.0 54.8 
| 2.0 2.0 27.4 
| 3.0 3.0 28.7 
{ Sawdust 1.0 7.6 104.1 
2.0 7.6 104.1 
| 3.0 6.4 87.7 
Yellow pine ‘ 
| Needles 1.0 12 16.4 
| 2.0 1.0 13.7 
| 3.0 0.7 9.5 
356 
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TABLE 2—Concluded 


” * RELATIVE FIXATION 
TREATMENT N —— 00 CONTROL AS 100 
per cent mgm. per cent 
Sawdust 1.0 4d 100.0 
2.0 7.0 95.9 
3.0 7.0 95.9 
White fir 
Needles 1.0 5.0 68.5 
2.0 4.3 58.9 
{ 5) | | a, | eet 
Sawdust 1.0 6.0 82.2 
2.0 Bie | 69.9 
3.0 5.8 79.5 
Red fir 
Needles 1.0 6.6 90.4 
2.0 4.2 ot:5 
SrOw- Re te Hanae 


flask was then inoculated with a soil suspension containing Azotobacter. 
The surface tension was determined by removing with a pipette 25 cc. of the 
solution and employing the film method of Fahrenwald (1). The solution 
was then replaced in the flask and incubated at 28°C. The surface tension 
was determined in order to check the possibility of a change being a factor in 
the growth of the organisms. The results indicated that it was not, and the 
surface tension measurements therefore are not presented. The total nitro- 
gen in the cultures was determined after 2 weeks’ incubation. The results are 
shown in table 2. In the data the amount of nitrogen in the added product is 
deducted from the total nitrogen found and only that amount fixed is indicated. 

It will be seen from the data that some of the products inhibited nitrogen 
fixation. Among the sawdusts, cedar exerted the greatest inhibiting effect, 
with red fir and larch next in order. Very little inhibiting effect was noted in 
the other sawdusts. The leaves and needles exerted the greatest retarding 
effect, ash leaves being the only ones not inhibiting nitrogen fixation. 


Effect of tree products on nitrogen fixation in soil 


The products enumerated in table 2 were tested for their effect on nitrogen 
fixation in soil. Varying amounts of the products were added to triplicate 
100-gm. portions of a soil known to be capable of fixing nitrogen. After 
addition of the product each sample received 2 gm. of mannite and 5 cc. of 
Azotobacter suspension. The moisture equivalent of this soil was 33.7. 
Preliminary experiments showed that the optimum moisture content for nitro- 
gen fixation was between 20 per cent and 50 per cent more than the moisture 
equivalent. The moisture content, therefore, was made up to 45 per cent by 
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weight of the soil, and this was maintained by additions of distilled water 
every 4 days. The soils were stirred 20 hours after each addition of water. 


They were incubated 4 weeks at 28°C. and the total nitrogen was then de- 
termined by the Kjeldahl method. The results are presented in tables 3 and 
TABLE 3 
Effect of ieaves and needles on nitrogen fixation in soil 

NUMBER TREATMENT N ee oe 100 

per cent mgm. 
1- 3 None swiess 6.3 
4- 6 Cedar leaves 1.0 10.9 
7-9 2.0 3.2 
10-12 3.0 —0.5 
13-15 Yellow pine needles 1.0 4.7 
16-18 2.0 12.4 
19-21 3.0 7.8 
22-24 White pine needles 1.0 i We 
25-27 20 8.4 
28-30 3.0 —2.0 
31-33 Larch needles 1.0 a4 
34-36 2.0 3.9 
37-39 3.0 —6.8 
49-42 Red fir needles 1.0 16.9 
43-45 2.0 22.5 
46-48 3.0 18.9 
49-51 White fir needles 1.0 —1.9 
52-54 2.0 —2.7 
55-57 3.0 9.8 
58-60 Maple leaves 1.0 4.8 
61-63 2.0 25 
64-66 3.0 0 
67-69 Ash leaves 1.0 0.8 
70-72 2.0 9.7 
73-75 3.0 10.8 

4. The data in the tables show the average of triplicate determinations and 

the amount of nitrogen fixed after deducting the amount added in the product. 

The contro!s consisted of 100-gm. portions of the untreated soil incubated 


with the test samples and the moisture maintained as with the other samples. 
It is apparent from the data in table 3 that some of the products inhibited 
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nitrogen fixation. The controls fixed an average of 6.3 mgm. of nitrogen per 
100 gm. of soil. One per cent cedar leaves stimulated nitrogen fixation, 2 
per cent retarded it, and 3 per cent resulted in an actual loss of total nitrogen. 
The same may be said for larch needles. White pine needles greatly retarded 


TABLE 4 
Effect of sawdust on nitrogen fixation in soil 


NUMBER PRODUCT ADDED FB a catronaey oahory i 
per cent mgm. 
1- 3 None Sys 6.3 
4-6 Cedar sawdust 1.0 9.9 
7-9 2.0 102 
10-12 3.0 3:2 
13-15 Yellow pine sawdust 0.0 7 i 
16-18 2.0 12.0 
19-21 3.0 4.5 
22-24 White pine sawdust 1.0 16.5 
25-27 2.0 9.0 
28-30 3.0 5:5 
31-33 Larch sawdust 1.0 1i7 
34-36 2.0 11.4 
37-39 3.0 11.5 
40-42 Red fir sawdust 1.0 9.0 
43-45 220 6.7 
46-48 3.0 12.5 
49-51 White fir sawdust 1.0 13:2 
§2-54 2.0 1A 
55-57 3.0 6:5 
58-60 Maple sawdust 1.0 22:3 
61-63 2.0 14.9 
64-66 3.0 4.8 
67-69 Ash sawdust 1.0 10.5 
70-72 2.0 10.4 
73-75 3.0 (—6.4) 


nitrogen fixation when applied at 1 per cent concentration, stimulated at 2 
per cent, and resulted in a loss at 3 per cent. The results from applications 
of white fir are also inconsistent since 3 per cent stimulated and 1 and 2 per 
cent each resulted in a loss. Maple leaves brought about a consistent retard- 
ing influence. Yellow pine needles and, noticeably, red fir needles resulted in 
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a stimulation of nitrogen fixation. The loss of total nitrogen in some of the 
samples is no doubt from the nitrogen in the added product. The nitrogen 
contained in the added products in table 3 varied from 9.9 mgm. in the case of 
1 per cent red fir needles to 50.7 mgm. in the case of 3 per cent maple leaves. 

It is apparent from the data in table 4 that all of the sawdusts stimulated 
nitrogen fixation when applied in amounts of 1 and 2 per cent, whereas larch, 
red fir, and white fir stimulated in 3 per cent concentration. None of the 
sawdusts brought about a marked inhibition, even in 3 per cent applications, 
with the single exception of ash. The amount of nitrogen in the sawdusts 
varied from 0.6 mgm. to 3.3 mgm. 


Ammonia and nitrate accumulation in forest soils 


Thirty-one of the samples of forest soil were tested for ability to accumulate 
ammonia from blood, and nitrate from ammonium sulfate and blood. Am- 
monia accumulation tests were made by adding 1 gm. of finely pulverized dried 
blood to 100 gm. of the soil, bringing the moisture content to 25 per cent, and 
incubating for 1 week. Ammonia was then determined by distillation from 
copper flasks. Nitrate accumulation tests were made by adding the nitrifiable 
substance to 100-gm. portions of the soil, inoculating with nitrifying bacteria, 
and maintaining the moisture content of the soil at 20 per cent through an 
incubation period of 4 weeks at 28°C. An additional 2 gm. of water was 
allowed for each gram of carbonate in each sample receiving calcium carbonate. 
When blood was employed as the nitrifiable substance, 1 gm. was added, and 
in the case of ammonium sulfate, a sufficient amount was added from standard 
solution to obtain 30 mgm. of nitrogen. At the end of the incubation period 
nitrate was determined by the reduction method using Davarda’s alloy. 

The results of the ammonia and nitrate accumulation tests, together with 
the group and pH value are presented in table 5. 

Some very interesting facts are brought out by the data in table 5. It will 
be noted that all the soils are capable of accumulating ammonia from blood. 
There is considerable variation in this respect, but only 3 samples—16, 25 and 
26—are outstandingly low. All 3 of these samples were in group I, which is 
comprised of virgin forest soils; 2 of these soils were the most acid of those 
tested. It will also be noted that the soils in group I have a lower rate of 
ammonia accumulation than those in group V, which are the cultivated soils. 
Although ammonia accumulation in these soils may not be regarded as high, 
it is apparent that blood is decomposed with the accumulation of ammonia. 
It is also apparent that cropping increases the rate of ammonia accumulation. 

The most interesting results are found in the nitrate accumulation tests. It 
is apparent from the data that many of these soils are incapable of converting 
ammonium sulfate or blood to nitrate, and this condition is not overcome by 
the addition of lime. The acidity is in general very low, as will be noted from 
the results of the hydrogen-ion determinations. By arranging the soils in 
table 5 in the order of minimum nitrate accumulation it is seen that they fall 
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into two fairly well defined groups. One group is unable to convert nitrogen 
in the form of ammonium sulfate or blood, to the nitrate form, whereas the 
other group, some members of which are relatively low in nitrifying ability, 


TABLE 5 
Ammonia and nitrate accumulation in forest soils 
apices 4 NITRIFICATION 
peeve GROVE pH Ammonium sulfate Blood 
NHsz per 100 
gm. soil 

No Ca Ca No Ca Ca 
mgm. N mgm. N mgm. N mgm. N mgm. N 

10 i 6.07 46.5 0 0 0 0 

16 I 6.07 160.7 0 0 0 0 

25 I 5.90 15.0 0 0 0 0 

26 I 5.66 15.3 0 0 0 0 

19 I 6.61 37.6 0 0 Ls 0 
8 I 6.27 49.6 0 0.4 0.46 0.7 
1 IV 7.05 51.9 0 3-6 2.6 0.3 
4 I 7.05 41.8 0.3 225 3.0 0.4 
7 J 6.36 37.8 0 2:9 3.6 4.6 

23 I 7.10 24.2 0 1.6 er 0 
17 Il 58.5 0 Ye 0 6.7 
15 I Bieter 42.3 0 6.0 7.6 Sa7 
12 Ill 6.90 43.7 0.6 5.6 7.6 6.8 
22 I 7.10 44.5 0 6.1 8.2 i fee 
20 I LAS 39.6 0 0.6 15.0 13.5 
30 if 6.32 Sok 1.2 4.2 4.7 CST 
31 II 6.70 22.7 1.4 8.7 3.8 20.2 
18 Vv ane er 23 Zo SEZ tae 
27 Vv 6.25 24.5 6.2 15.0 12.0 18.0 
5 V 7.05 50.7 (| by fe | 22.8 3.0 
21 Vv 7.07 41.0 0.4 yp? 30.0 252 
24 V 6.34 37.6 4.3 10.9 12.8 48.1 
11 II 6.95 93.3 1.0 22.3 1 318 
28 Vv 6.54 25.8 6.3 20.5 15.4 33.8 
29 Vv 7.42 32.4 6.8 2203 244 Sie 
2 IV seeiead 44.1 9.0 22-5 29.0 36.0 
3 lil eats 55.0 2.0 26.8 30.0 33.6 
6 II 6.68 50.0 1.4 7 fie 30.5 S1.5 
9 V 6.15 56.7 8.5 29.5 30.5 68.0 
13 V bene 49.2 8.1 27.3 26.8 58.1 
14 Vv ite 40.1 4.4 24.0 ZZ 50.0 


A nitrate content of less than 0.3 mgm. N as nitrate per 100 gm. soil reported as 0. 


are capable of accumulating nitrate from these substances. By arranging the 
soils in these two groups we find that we have on the one side virgin timber 
soils, which are unable to nitrify, and on the other side the soils which have 
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been long under cultivation and have developed this capacity. There are 
but three soils not in group I which are decidedly lacking in ability to accumu- 
late nitrate. On referring to original notes on these samples it was found that 
soil 1 had been recently plowed for the first time when the sample was taken, 
soil 12 had been very recently cleared and burned-over, whereas soil 17 had 
been cleared for many years but had apparently not been cultivated until 
recently. Of the 31 soils tested 16 fall in the group representing those in- 
capable of nitrate formation. 

Of the 31 samples, 15 show the ability to form nitrate, and all but 5 of these 
are in the long-cultivated group. When ammonium sulfate is employed as 
the nitrifiable substance, all are very low in nitrate-forming ability in the 
absence of calcium carbonate. Nitrate formation from ammonium sulfate in 
this class is in the majority of cases stimulated by the addition of 1 per cent 
calcium carbonate. Blood is nitrified to a greater extent than ammonium 
sulfate and this substance is also generally nitrified at a faster rate in the pres- 
ence of calcium carbonate. 


SUMMARY 


One hundred and six samples of forest soils were collected asceptically, and 
brought to the laboratory. 

Azotobacter was found to be present in 24.5 per cent of the samples. 

There was no direct correlation between crop history or hydrogen-ion con- 
centration and the presence of Azotobacter. 

Azotobacter was found to remain in 47 out of 60 samples inoculated for a 
period of over eighteen months. Tests were not made after that period. 

Five of the 24 samples tested for ability to fix nitrogen when inoculated, 
and supplied with mannite as a source of energy, fixed definite amounts of 
nitrogen. 

Sawdust, leaves, and needles, were tested for their effect on nitrogen fixation 
in solution by Azotobacter. The sawdusts exerted very little inhibiting action 
with the exception of cedar. The leaves and needles exerted a retarding 
influence. 

The retarding effect of these products on nitrogen fixation was not marked 
in soil and applications of 1 and 2 percent sawdust resulted in stimulation. 

Thirty-one of the samples were tested for ammonia and nitrate accumulat- 
ing ability. All showed ability to accumulate ammonia and all were de- 
cidedly lacking in ability to form nitrate from ammonium sulfate or blood. 
Sixteen of the soils were not benefited in this respect by addition of calcium 
carbonate, whereas fifteen were greatly benefited. 

Those soils which were not able to form nitrate were largely soils bearing 
virgin timber, whereas those which formed nitrate were largely soils long under 
cultivation. 
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The absorption and exchange of bases resulting from the application of 
different calcium salts to soils has been very extensively investigated, largely 
because of the important practical bearing of the problem. In but little of 
this work, however, has sufficient attention been given to the hydrogen-ion 
concentration resulting after equilibrium between the soil and the calcium 
carrier has been reached. In an earlier investigation of the absorption of 
potassium by colloidal clay (1) it was found that the hydrogen-ion concentra- 
tion was one of the most important variables in determining the course of the 
reaction. This work was later extended by using calcium instead of po- 
tassium carriers (3). In both of these investigations the course of the absorp- 
tion or exchange reaction was determined by analyses of the clear supernatant 
liquid above the coagulated clay. In the acid region the behavior of the two 
cations was noticeably similar, but in the alkaline region significant differences 
were obtained. In a recent reinvestigation of the problem using electro- 
dialyzed clay and a potentiometric method for estimating the absorption of 
the cation, results were obtained with both sodium and barium which confirm 
the work done with calcium and which seem to explain the apparent discrep- 
ancy between the two earlier studies. 

This paper includes (a) a résumé of the findings on the absorption of calcium 
at varying hydrogen-ion concentrations, (b) a brief presentation of some of the 
results obtained with electrodialyzed clay by the potentiometric method, and 
(c) an explanation of the apparent discrepancy between the earlier and the 
more recent work. 


EXPERIMENTAL 
Effect of pH changes upon absorption of calcium 


Sufficient 0.042 N Ca(OH), and 6.30 per cent colloidal clay sol were intro- 
duced into a series of fourteen 250-cc. volumetric flasks to make the mixture 
0.03 N in Ca and 1 per cent in clay when diluted to 250 cc. Sufficient 0.2 N 
HC] was added to each flask to bring it to the desired pH value and then 
enough distilled water was added to make the total volume 250 cc. The 
amounts of HCI required were estimated from an electrometric titration curve 
of the mixture of clay and Ca(OH): with the HCI solution. After thorough 
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mixing, the flasks were allowed to stand for 3 days, when aliquots of the clear 
supernatant liquid were removed for analysis. The pH value and content of 
Si02, AlLO;, CaO, MgO, Na,O, and K;0 of the colloid-free supernatant liquid 
was determined by standard analytical methods. The average of the results 
of these analyses are given in table 1. 

In figure 1 the amount of total bases liberated and absorbed is shown as a 
function of the hydrogen-ion concentration. In this case the amount of 
bases is expressed in terms of milliequivalents per gram of clay. In the acid 
region more bases are liberated than absorbed, whereas in the alkaline region 
more are absorbed than liberated. In this respect the results are in harmony 


TABLE 1 


Amount of different ions absorbed and liberated from 1 gm. of colloidal clay at different pH values 
when 0.03 N Ca was added 


Basic exchange 


ABSORBED LIBERATED 

Number | pH C20 meo | KCland | Als Fei; SiO: 
mgm. mgm, mgm. mgm. mgm. mgm. 

1 1.96 | —6.28 4.90 11.4 4.2 2.79 4.25 
2 1.85 | -2.05 | 5.75 11.9 4.0 4.71 3.30 
3 2.61 | 0.53 | 5.35 11.0 2.1 0.91 1.00 
4 3.81 | 3.75 | 5.15 10.0 5.8 0.00 0.25 
5 4.13 4.88 5.10 9.3 0.4 0.00 0.30 
6 4.75 | 6.75 | 5.10 9.8 0.0 0.00 0.20 
7 6.35 | 8.70 | 4.75 12.2 0.0 0.00 0.40 
& 6.80 | 9.18 | 4.40 13.8 0.0 0.00 0.15 
9 6.90 | 11.90 | 3.70 12.7 0.0 0.00 0.05 
10 7.00 | 14.95 | 2.40 9.1 0.0 0.00 0.10 
11 8.00 | 16.67 | 0.85 10.1 0.2 0.00 0.00 
12 8.60 | 25.45 | 0.20 8.8 0.7 0.00 0.00 
13 10.54 | 35.12 | 0.00 9.4 1.5 0.00 0.65 
14 11.41 | 49.12 | 0.00 9.4 2.1 0.00 0.70 


with the earlier work with potassium mixtures. There is one important differ- 
ence between the results obtained with potassium and with calcium. In the 
case of the former the absorption curve flattened at pH values above 10, 
whereas in the case of the latter the curve is steepest in this region. There is 
no evidence of saturation with Ca(OH), at the highest pH value obtainable with 
a saturated lime-water solution. In most of the earlier work on the absorp- 
tion of Ca(OH), by soils, an increased absorption with increasing concentration 
of the base has been noted. When the Ca absorbed is plotted against the 
concentration of Ca remaining in solution, a curve resembling the Freundlich 
adsorption isotherm is obtained. This has been used as an argument that the 
absorption of the Ca was purely a physical phenomenon. In such studies 
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the pH value was, of course, increased as well as the calcium concentration, 
but this fact has been commonly overlooked. 

The results cited above indicate that the pH value has a very great influence 
upon the absorption process even when the concentration of the Ca ion is kept 
constant. This leads one to wonder what part of the increased absorption of 
Ca noted with increasing concentrations of Ca(OH) is due to increases in the 
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Fic. 1. THe ErFect oF HyDROGEN-ION CONCENTRATION UPON THE LIBERATION AND ABSORP- 
TION OF BASES BY 1 GM. OF COLLOIDAL CLAY 


concentration of the Ca ion and what part to the increase in the hydroxyl-ion 
concentration. 

An answer to this question was sought in four series of experiments similar 
to the one outlined above, but in each one of which the concentration of the 
Ca ion was varied. The concentrations of Ca used were 0.0084, 0.0168, 
0.0252, and 0.0300 V. The variations in pH value were obtained by additions 
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of HCl as in the preceding experiment. In this case the supernatant liquid 
was analyzed only for calcium. The results of this series of experiments are 
plotted in figure 2. The experimental error in such a series of experiments is 
necessarily large, especially with the more dilute solutions. A careful inspec- 
tion of the curve shows quite conclusively, however, that for the concentra- 
tions studied, the effect of the increase of the concentration of the Ca ion 
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Fic. 2. Toe Errect oF THE CONCENTRATION OF CALCIUM UPON ITS ABSORPTION AT DIFFER- 
ENT HyDROGEN-ION CONCENTRATIONS 


upon the absorption of that ion by colloidal clay is negligible in comparison to 
the effect produced by the OH ion under the same conditions. In fact, these 
experiments would indicate that the amount of calcium absorbed is practically 
independent of its concentration at corresponding pH values. The range of 
concentrations studied was, of course, limited because of the low solubility of 
CaO in water. The experiment should be extended to the more soluble 
bases, or possibly by the use of CaO in sucrose solutions. 
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As pointed out in the experiments with potassium, the absorption curve 
flattened at pH values above 10, whereas the calcium curves were steepest in 
this region. That this difference in the behavior of the two bases is due to 
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Fic. 3. TrTRATION CURVES OF ELECTRODIALYZED COLLOMAL CLAY MAbDE 
WITH THE HyDROGEN ELECTRODE 


secondary reactions taking place in the case of calcium and not to any real 
difference in the nature of the primary reaction is indicated by the silica and 
alumina content of the supernatant liquid of the more alkaline mixtures. The 
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calcium silicates and aluminates formed by the decomposition of the colloidal 
clay are not nearly so soluble as the corresponding potassium compounds. 
Consequently with the technique used in the foregoing experiments the 
potassium which was combined with the silica and alumina was considered 
unabsorbed, whereas the corresponding calcium compounds were considered 
absorbed because of their low solubilities. Further evidence on this point 
was supplied by the estimation of the absorption by the potentiometric method. 
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Fic. 4. Apsorption or Bases By ELECTRODIALYZED COLLOMAL CLAY AT DIFFERENT PH 
VALUES 


Estimation by potentiometric method of base absorption by clay 


Samples of colloidal clay freed from exchangeable bases by electrodialysis 
were titrated with NaOH and Ba(OH), by means of the hydrogen electrode. 
A second curve was obtained with each base by adding increments to volumes 
of distilled water equal to that of the clay sol. The difference between the 
amounts of base required to give any pH value in the presence and in the 
absence of the clay is a measure of the amount of base absorbed by the clay at 
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that pH value. This method has been extensively used by Loeb (5), Hoff- 
man and Gortner (4), and others for determining the amount of base absorbed 
by proteins. The titration curves are shown in figure 3 and the absorption 
curves which were calculated from them are shown in figure 4. In the acid 
region these curves differ from the absorption curves given. ‘This is largely 
because in this case the electrodialyzed clay is saturated with hydrogen, 
which is neutralized by the bases added. Base exchange reactions are there- 
fore eliminated in this case. In the alkaline region the curves are noticeably 
similar to those obtained with calcium by the analytical method. The sodium 
and barium curves are of the same type and are almost parallel to each other. 
The fact that the sodium curve is shifted to the right of the barium curve on 
the pH axis is due to the greater hydrolysis of the sodium clay. There is no 
evidence for the slightest difference in the two bases other than this. Evidence 
of a saturation capacity for bases in the range of pH values studied is also 
lacking. The titration and absorption curves for an electrodialyzed silicic 
acid sol shown in figures 3 and 4 offer a clue as to what is taking place in the 
case of the colloidal clay. The colloidal clay curves seem to have two rather 
distinct parts, one convex to the pH axis, the other concave. The inflexion 
point occurs when equivalent amounts of the two bases have been added (54 
milliequivalents per 100 gm. of clay), at pH 7 with Ba(OH)s, and at pH 8.5 
with NaOH. As shown elsewhere (2) this point seems to represent the limit 
to which a soil can be saturated with bases by means of a neutral salt. It 
represents the “saturation capacity” as the term is most commonly used. 

This concave portion of the curve is entirely lacking in the silicic acid curve. 
It resembles the upper part of the clay curves. In other words, silicic acid 
has practically no power for absorbing bases from an acid medium, but it has: 
an enormous power for absorbing bases in an alkaline medium. It is also. 
well known that Al has a large capacity for absorbing bases from an alkaline 
medium. ‘That colloidal clay breaks down in strongly alkaline solutions in a 
manner analagous to that obtained with a sodium carbonate fusion of a soil 
with the formation of the simpler silicates and aluminates is quite probable. 
Such reactions would require amounts of base that are enormous in comparison 
to those commonly dealt with in soil science. 


SUMMARY 


1. The absorption and exchange of bases resulting from the application of 
calcium to colloidal clay has been studied between the pH values 2 to 12 by 
the analytical method. ‘The adsorption curve was steepest in the most alkaline 
region. There was no evidence of saturation. 

2. ‘The amount of calcium absorbed by the colloidal clay seemed to be inde- 
pendent of the concentration of calcium added, when the absorption at the 
different concentrations was measured at the same pH value. 

3. Absorption curves obtained with electrodialyzed clay treated with NaOH 
and Ba(OH): were made up of two rather distinct portions, one covering the 
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acid range which was convex to the pH axis, while the second covered the 
alkaline range and was concave to the pH axis. In the first portion of the 
curve the exchangeable hydrogen was neutralized, whereas in the second a 
decomposition of the exchange complex with the formation of simpler silicates 
and aluminates occurred. No evidence of saturation with bases was found at 
the pH values studied. 
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In soil physics there is a tendency toward the use oi generalized descriptive 
terms in the classification of soils. A soil is spoken of as being heavy, sandy, 
silty, loamy, sticky, or friable. Indeed a highly technical and standardized 
nomenclature has grown up among soils investigators. Although these 
descriptive terms are doubtless very useful, they fail to give complete and 
exact information. A true knowledge of the physical characteristics of a soil 
becomes available only when the properties expressed by these descriptive 
terms can be measured and expressed numerically. 

In recent years important steps have been taken to reduce soil science to a 
more quantitative basis. The development of suitable methods of mechanical 
analysis marks a great advance in this direction. A number of constants and 
coefficients such as the coefficient of plasticity, the coefficient of cohesion, the 
transmission constant, and the hygroscopic coefficient are in use. Some of 
these are numbers having very complicated dimensions and based on highly 
standardized methods and apparatus. 

The physics department of the Utah Agricultural Experiment Station has 
undertaken to develop suitable methods of measuring some of the fundamental 
physical characteristics of soils. A special effort is being made to avoid com- 
plicated, standardized apparatus and methods, and to make all units expressible 
in terms of the fundamental units—mass, length and time. 


MEASUREMENT OF COHESION 


Cohesion in both wet and dry soil conglomerates seems to be a distinguishing 
characteristic. It is this tendency of soil particles to stick together that 
determines how a given soil is to be handled. There have been much specula- 
tion and theorizing concerning the effects of structure, chemical composition, 
presence of colloidal matter, and size of particles on cohesion. To get at 
these problems, reliable methods of measuring cohesion are needed. 


1 Approved for publication by the director, August 22, 1927. 

2 The author wishes to thank Dr. Willard Gardner and other members of the physics de- 
partment for the many helpful suggestions and criticisms offered during the course of the 
experimental work and in the preparation of this article. 
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The first attempt to measure cohesion at this station was made by measur- 
ing the force necessary to draw rods and tubes through the wet soil. Later, 
attempts were made to get at it by measuring the force necessary to withdraw 
a glass plate from the surface of the wet conglomerate. These methods not 
only gave inconsistent results but left doubts in the minds of the investigators 
as to just what property was actually being measured. 

The method finally adopted consists of forcing the wet soil through a glass 
tube held in a vertical position. The soil forms a column as it issues from the 
tube and when its weight becomes sufficient to overcome the cohesive forces 
acting across a right section taken at the extremity of the tube, the column 
ruptures and the segment falls into a container. A large number of segments 
are caught and weighed together. When the total weight of the segments 
and their number are known, the average weight of a segment can be deter- 
mined, and this, divided by the cross-sectional area of the tube, gives the 
mean force which when acting across a cross-section of 1 sq. cm. is just suffi- 
cient to overcome the internal cohesive forces in the soil. 

The errors of measurement by this method are reduced to errors in weighing 
and in counting the segments. Any errors due to non-homogeneity in the soil 
sample are compensated for by the large number of segments which go to 
make up the average, each one giving a measure of the cohesion at a different 
portion of the sample. The range of water content in the sample is limited 
only to mixtures so thin that they run through the tube and those so immobile 
that they cannot be forced through by pressure. 

The apparatus is very simple.* It consists of a metal cylinder clamped in 
a vertical position and fitted with a piston. A short metal tube is threaded 
into the lower end of the cylinder and a glass tube is connected to this with a 
rubber connection. 

Some difficulty was at first encountered in eliminating large air bubbles 
which got into the soil while it was being stirred with the water before being 
put into the cylinder. Some of the bubbles were nearly large enough to fill 
the tube and the segments invariably broke at the points where these occurred. 
It was found that air bubbles can be eliminated by placing the wet soil in a 
metal container, the bottom of which is then tapped vigorously on a hard 
surface; this jars the bubbles to the top of the mixture. The wet soil is then 
placed carefully in the cylinder, any new bubbles which may have got into it 
being removed by tapping the cylinder. 

To test the usability and accuracy of this method of measuring cohesion a 
study was made of a series of synthetic soils composed of two extreme types, 
Greenville loam and Preston clay. The composition of the series was varied 
in 1 per cent intervals from pure clay ts 65 per cent clay, the moisture content 


* The first apparatus used was made from a remodeled automobile grease-gun about 20 cm. 
long and 6 cm. in diameter. ‘The piston was fitted with a leather washer as a metal to metal 
fit was found to lodge easily. The glass tube used was 1.2 cm. in diameter. 
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being kept at 62 cc. of water per 100 gm. of dry soil. It was found, as shown 
by the curves of figure 1, that the cohesion decreases with the clay content in 
what is shown by a least squares fit to be almost a straight line relationship.‘ 
At the point in the series corresponding to 85 per cent clay, the mixture became 
so thin that it was necessary to decrease the water content to 52 cc. per 100 gm. 
for the rest of the series. It was found that a change in cohesion correspond- 
ing to a variation of 2 per cent in soil composition could readily be distinguished 
by this method. 

The relation between cohesion and moisture content for a soil composed of 
50 per cent Preston clay and 50 per cent Greenville loam is shown by curve A 
of figure 2. It is believed that every soil has a distinctly characteristic curve 
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The moisture percentage (dry basis) used in the samples of curve A was 62; for those of 
curve B it was 52. 


of this type which will serve to identify it as well as to give useful information 
with regard to its behavior when wetted. 


MODULUS OF RUPTURE 


A number of attempts to measure cohesion of soils in the dry conglomerate 
state have been made with some success. Attempts were at first made to 
test soil cylinders in direct tension but the test specimens were crushed in 


*In an attempt to fit a second degree curve to the first series, the coefficient of the second 
degree term came out 0.0001913. 
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clamping them in the testing device. Compression tests were tried, but failed 
to give consistent results. 

An indirect method of measuring the cohesive properties of soil conglomer- 
ates by means of the modulus of rupture has been found to be advantageous. 
Test specimens of soil are made in the form of cylinders by forcing the soil 
through a vertical tube while it is in a wet plastic state. As the column issues 
from the tube it is cut into cylinders with a wire and allowed to stand on end 
on a glass plate until dry. The cylinders are then tested as simple beams with 
a concentrated load at the mid span as shown by the diagram of fig. 3. 

An expression for the maximum tensil unit stress in the test specimens may 
be derived from simple considerations of stresses in a beam. When the 
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Fic. 2. Curves SHowrnc RELATIONSHIPS BETWEEN MOISTURE CONTENT AND (A) COHESION, 
(B) Moputus or Rupture, (C) SHRINKAGE 


cylinder is stressed by the application of a load at the mid point the material 
composing the lower portion is under tension and that composing the upper 
portion is under compression. Since non-ductile brittle materials like soil 
conglomerates are weaker in tension than in compression, the cylinder ruptures 
when the unit tensil stress in the lower portion of the cylinder becomes great 
enough to exceed the cohesive forces exerted by the soil particles. 

The magnitude of the cohesive force may be found from the well-known 


2 , %M ae is 
relation S = > which is the so-called flexure formula and comes from the 


theory of stresses in beams, where S is the unit tensil or compressive stress, 
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M the bending moment, C the distance from the horizontal centroidal axis of 
the cross-section to the point at which the unit stress is desired, and J is the 
moment of inertia of the cross-section about the centroidal axis. This rela- 
tion is only valid for cases where the unit deformation in the material is pro- 
portional to the unit stress. When the elastic limit of the material is exceeded, 
the formula does not give correct values of S. It is generally conceded, how- 
ever, that such materials as soil conglomerates, rupture before the elastic 
limit is reached, that is, before the strain becomes sufficient to produce perma- 
nent deformation. 

For cylindrical test specimens stressed to the breaking point, the expression 


: : : 2b3 ; 
for the cohesion per unit cross sectional area becomes 5 = cof , where r is 
1 7 


the radius of the test specimen and i, , and /; are lengths as designated in figure 
3. This value for S is commonly called the modulus of rupture of the material. 
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Il 


] ‘i is a constant of the apparatus depending on the placement of 
1 


the fulcrums; designating it by K, the expression for the modulus of rupture 


KW 
becomes S = ae 


The quantity 


In the apparatus used, /,, , and /; were about 70, 20, and 2.5 cm. respectively. 
The force W was applied by hanging a bucket on the lever and slowly running 
water in until the specimen broke. The fulcrums, especially the lower ones, 
are slightly rounded and made smooth where they come in contact with the 
test cylinder. This allows the cylinder to slip slightly and thus eliminates 
longitudinal forces which would introduce errors. 

The results of modulus of rupture determinations made on a series of syn- 
thetic soils ranging from 100 per cent Preston clay to 100 per cent Greenville 
loam are shown by graph A of figure 4. Each point was obtained by taking 
the mean of six tests. In wetting the soils to make the cylinders, the moisture 
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percentage was so varied as to keep the cohesion in the wet soils approximately 
constant. The relationship between percentage composition and the modulus 
of rupture appears to be linear, which might be expected. Graph B of figure 
2 shows the results obtained by using different percentages of water in wetting 
the soils to make the cylinders. The results indicate that the amount of 
water used in wetting the soil has no effect on the modulus of rupture of the 
dry conglomerate. 

The great difficulty in the measurement of cohesion in dry conglomerates 
seems to be not so much in the accuracy of the determination as in controlling 
the many physical conditions affecting this property. It is indeed difficult to 
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make two test specimens of the same soil which have exactly the same modulus 
of rupture. The unavoidable irregularities inherent in soil makeup and lack 
of control of conditions are responsible for the chief difficulties. When 
treated by the methods of statistics, however, the results obtained seem to be 
very promising. The method has the advantage that no standardized appara- 
tus is necessary and that the results are expressed in the intelligible units of 
grams per square centimeter; this cannot be said of the so-called ‘point test” 
and others which are widely used. 
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SHRINKAGE 


In making the cylindrical test specimens for modulus of rupture determina- 
tions, a very satisfactory way of measuring shrinkage suggested itself. As 
the wet soil column is forced out of the tube, two small transverse scratches 
are placed on it by means of a stiff bristle. The scratches are about 2.5 cm. 
apart on the soil cylinder and the distance between them is accurately measured 
with a cathetometer while the wet specimen stands in a vertical position on a 
glass plate. After drying, the distance is again measured with the cathetom- 
eter and the diameter measured with micrometer calipers. The diameter of 
the wet cylinder is the same as the tube through which it was forced. The 


1-2? 
shrinkage per unit volume is then given by C = aaa in which x is the 
1 
1, r? 
volume wet, and 2% the volume dry. This becomes C = 1 — i? where J; 
17) 


rn, and /; and re are lengths and radii, wet and dry respectively. Values of C 
accurate in the third figure are easily obtainable by this method. The deter- 
mination is not only accurate, but variations in shrinkage in cylinders taken 
from the same soil sample are found only in the third figure. When the mean 
of a number of measurements is taken, the third figure becomes reliable. 
Curves C and B of figures 2 and 4 respectively, show the results of shrinkage 
measurements made on the same test specimens from which the modulus of 
rupture data given above were obtained. The curves show that the shrinkage 
is a function of the water percentage and the percentage composition. 

Since the wet soil must be forced through a tube in making determinations 
of cohesion, modulus of rupture, and shrinkage, it is possible when the water 
content is not too high to make all three determinations at once on the same 
soil sample. The test specimens for modulus of rupture determinations may 
be marked and the shrinkage measured before they are used. This is very 
desirable, since it makes possible a study of relationships between these im- 
portant physical characteristics. 
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INTRODUCTION 


Precipitation of iron under natural conditions may result from any of a 
large number of changes. Not only may there be a variety of products 
formed, but the agencies primarily responsible for the reactions may be quite 
different. Among the reactions which have occupied the interests of micro- 
biologists there stand out prominently the changes which have been ascribed 
to a group of organisms called “iron bacteria.”” These forms were so called 
by Winogradsky (39) not alone because they cause a precipitation of ferric 
hydroxide but because the reduced form of iron was indispensible for their 
nutrition; indispensible not only for cell construction but as the source of 
energy for the vital processes of the cells. Incidentally this transformation 
from the ferrous to the ferric form results in an accumulation of precipitate 
of ferric iron. Only bacteria which utilize ferrous iron as a source of energy 
are properly classified as iron bacteria. This group of organisms, if existent, 
however, is only one of many agencies which may effect a precipitation of 
compounds of the metal (13). Strictly chemical changes of inorganic com- 
pounds may occur in the absence of microdrganisms. Transformations of 
inorganic compounds may take place indirectly as a result of a modification 
of the environment by the development of microérganisms. Decomposition 
of organic compounds of iron may be followed by a similar deposition. In 
such changes iron plays no réle of importance in the development of micro- 
organisms. In fact, since the reactions of oxidation and precipitation are 
reversible, slight modifications of the environmental conditions may not only 
inhibit precipitation but favor solution. 

As emphasized particularly by Winogradsky (40) and Cholodny (5) there is 
a very clear distinction between organisms included as iron bacteria and those 
organisms which may be associated with precipitation of iron. Although the 
iron bacteria are all responsible for precipitation of iron, only a small group 
of the organisms active in the precipitation of iron may be considered to be 


1 Now of the Agricultural Experiment Station, New Brunswick, N. J. 
2 Department of Bacteriology and Immunology. 
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iron bacteria. Too frequently the criterion by which organisms were judged 
to be iron bacteria was the precipitation of ferric hydrate rather than the 
reactions responsible for the precipitation. 

Whatever may be responsible for them, these transformations of iron become 
of considerable importance in numerous connections. This is particularly 
the case in the large deposits of iron ore of aquatic origin (10, 13). Closely 
associated with such deposits must have been activities responsible for initial 
solution of the iron from soil and rocks and removal by bodies of water. Dep- 
osition of iron with rusting of pipes (8, 34, 13) and the fouling of drinking 
water (4, 8) may become matters of considerable economic importance. In 
soils, deficiencies of soluble iron may occur under alkaline conditions, excesses 
under acid conditions, and precipitation with the formation of hardpans in 
other instances (28, 33). 

It has been expressed frequently that iron bacteria are largely responsible 
for the deposits of bog iron ore which appear in large amounts in many portions 
of the world. Their relationship, if any, to transformations in soils has re- 
ceived slight attention. 


EXPERIMENTAL RESULTS 


It is particularly the object of this report to suggest what conditions may 
favor precipitation and solution as well as oxidation and reduction of iron 
whether they be created physically or through the action of microérganisms. 
It appears to be possible to elaborate somewhat on the relationships which 
microérganisms may have with these transformations in the light of the equa- 
tions which have been developed in a preceding paper (12). 

In the presence of solid ferric hydroxide 
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Under atmospheric conditions creating constant oxygen pressure these may 
be stated as follows: 
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* For considerations of iron bacteria and their physiology refer also to the following (4, 6, 
7, 8,9, 20, 22, 24, 25, 39, 40, 42). 
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These equations show that the ratio of the activities of ferrous and ferric iron, 
which in dilute solutions will not be appreciably different from the ratio of the 
concentrations of the inorganic ferrous and ferric iron in solution, will depend 
upon the reaction and oxygen pressure, two factors which may be altered to a 
considerable degree by development of microérganisms. Since the reactions 
of oxidation of iron are reversible, transformations of oxidation may change 
to reduction depending upon the environmental conditions. In general it 
may be stated that lowering the oxygen pressure, that is, creating more anaer- 
obic conditions, will: 1, tend to increase ferrous iron at the expense of the ferric, 
and 2, tend to decrease the hydrogen-ion concentration. Further, increasing 
the oxygen pressure, such as creating aerobic conditions, will lead toward: 
1, a greater amount of ferric iron per unit of ferrous and, 2, a more acid reac- 
tion. Increasing the hydrogen-ion concentration with constant oxygen pres- 


TABLE 1 
Effects of mixed cultures on solution of iron in a dextrose medium 
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NU ENIPEAREINE! eePoe ro airs ces sore tcls Sietion 0 90 90 
LET Eo ee 10 79 89 
CPL TERCT, 22 OR ea eee 2 88 90 
CUTACE| Eo, Gap OP oe eae ee EEE eee 17 73 90 
ROMMEL 8 oes, oo recs wices tes ek eie wwe wee 0 93 93 
MRI ooo ee ats clavsrerers 4c mies eres 8 84 92 


sure will also tend to diminish the ratio of ferrous iron in solution to dissolved 
ferric iron by dissolving more of the precipitate at the same time, at equi- 
librium, holding much more ferrous iron in solution. Lowering the hydro- 
gen-ion concentration with constant oxygen pressure would bring about an 
oxidation of ferrous iron, with resulting precipitation of the ferric form also 
[Fe**] 


increasing the ratio of [Fey 


CONDITIONS PREDISPOSING SOLUTION OF IRON 


Under aerobic conditions bacterial cultures should tend to bring iron into 
solution, provided the reaction became more acid. The following experiment 
was performed to show this. 

Ferrous sulfate was prepared in stock solution, sterilized by passage through 
a Berkefeld filter and added with aseptic precautions to sterile 100-cc. por- 
tions of dextrose medium in 250-cc. Erlenmeyer flasks. This medium con- 
tained dextrose, 1 per cent; peptone, 0.01 per cent; NH4NOs, 0.05 per cent; and 
MgSO,-7H,0, 0.01 per cent. The ferrous sulfate was added to make the 
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concentration 0.5 per cent FeSO,-7H,0. The media were buffered with 
phosphates to create a range of reactions. The phosphates however, precip- 
itated considerable of the iron and made the reaction noticeably acid. Al- 
ternate flasks were inoculated with soil and, subsequent to incubation, were 
analyzed for iron in solution and as precipitate. The ferrous iron in solution 
was determined by the common method of oxidation with a standard solution 
of potassium bichromate, potassium ferricyanide being used as an indicator. 
For total iron the ferric was reduced with stannous chloride and the total iron 
titrated with bichromate. In some cases aliquots of the solutions were evapo- 
rated and ignited, the iron was taken up with HCl, reduced with stannous 
chloride and titrated with bichromate. Table 1 presents the results of the 
experiment. 

In most instances the iron had been completely precipitated by the phos- 
phates in the medium, but in every instance, as a result of microbial growth 
under aerobic conditions, iron was brought into solution. This is explained 
as due to increase in acidity as a result of the decomposition of the dextrose. 
A contributing factor may have been the slight decrease in oxygen pressure 
produced as a result of microbial growth, since even under aerobic conditions 
unless a solution is well aerated there would be a lowered oxygen pressure as 
a result of the development of the culture. 

Under anaerobic conditions it is much easier to demonstrate the solution of 
iron. Anaerobic conditions in Winogradsky’s experiments (39) were used to 
dissolve ferric iron as a source of soluble ferrous iron for his iron bacteria. 
Kindler (15) as early as 1836 noted the solution of iron from ferruginous sand 
about roots. Gruner (10) conducted experiments under anaerobic conditions, 
which demonstrated solution of iron from rocks and minerals. 

It was noted by Lieske (21) that molds exert a reducing action upon ferric 
compounds. When the mycelial growth was removed from the culture, oxi- 
dation occurred. It was believed that reducing enzymes were liberated. It 
may be, however, that the reduction of the oxygen concentration in the pres- 
ence of the growing molds might be responsible for the reduction; the oxida- 
tion subsequent to removal of the growth might be explained by the action of 
an increased oxygen concentration. Wright (41) demonstrated that some 
bacteria exert a solvent action on iron in minerals when these organisms de- 
veloped on media containing dextrose. It was believed that the extent of 
solution was due to the hydrogen-ion concentrations developing from the 
decomposition of dextrose. It is not unlikely that reduced oxygen pressure 
resulting from development of the organisms exerted some effects. 

For the following experiments, freshly precipitated ferric hydroxide was 
used as the source of iron. To four 1000-cc. flasks considerable amounts of the 
hydroxide were added. Two flasks remained without the iron. Into 3 flasks, 
2 containing ferric hydrate and 1 lacking it, a dextrose solution was intro- 
duced. This medium contained dextrose, 1 per cent; (NH4)2SOx4, 0.01 per cent; 
K-HPO,, 0.01 per cent; MgSO,-7H20, 0.001 per cent; and CaCl., 0.001 per cent. 
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A 1 per cent peptone solution was added to 3 other flasks. All of the solutions 
were inoculated with soil and introduced well up in the necks of the flasks. 
The flasks were stoppered with one-holed rubber stoppers carrying tubing 
which was submerged in water to create rather complete anaerobic conditions. 
The initial reaction of the media was pH 7.0 and the titer was 0.20 cc. The 
hydrogen-ion concentration was determined either by means of Clark and 
Lubs’ series of indicators or with a Leeds and Northrup type K potentiometer 
using a normal calomel half cell as a normal electrode and ‘a Bailey electrode 
as the hydrogen electrode. 


TABLE 2 
Effects of anaerobiosis and aerobiosis with mixed cultures upon the solution and precipitation 
of iron 
pH TITER® Fet** IN SOLUTION 
TREATMENT 
a Aerobic —_ Aerobic — Aerobic 
a 3.0 3.4 0.90 | 0.75 0 0 
BE occa sa ese Os ene see nies 3.1t 0.75+ Ot 
6.0 53 1.40 | 0.35 | 71.88 | 12.50 
Dextrose + Fe(OH)3...............66- 4.24 0.70t 11.88t 


Dextrose + FEQEH) soe. 6665 o560cs oviese { +9 ge 1.80) 0.90 | 73.75 | 21.88 


43+ 0.90t 12.50t 
Peptone 6.2 | 8.0 | 0.70} 0.00 | 0 0 
Re tee hoe fer oa alle 7 8 iyo . 


Peptone +- Fe(OH)s................6. 64 8.2 1.00 | 0.00 | 22.98) 0 


8.07 0.00 Ot 


Peptone + Fe(OH)s.................- ; 0.00+ Ot 


a 77 1.20| 0.10 | 16.25] 0 
7.7 


* Titer refers to the amount (cc.) of 0.1N NaOH which was required to neutralize 5 cc. of 
the medium, phenolphthalein being used as the indicator. 
¢ Cultures treated with phenol at time of exposure to free air. 


Good growth developed in all the solutions. After three weeks the solu- 
tions were tested for ferrous iron in solution and for changes in reaction as 
indicated by pH and titration with standard alkali. The results were pre- 
sented in table 2. 

For the present consider only those results recorded under the headings 
“anaerobic” which refer to the cultures after anaerobic incubation. As regards 
the dextrose cultures it is apparent that the hydrogen-ion concentration was 
much higher in the absence of ferric hydrate even though the titrable acidity 
was much greater in the presence of the iron. Further, it is apparent that a 
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considerable amount of the iron was brought into solution as a result of bac- 
terial growth. These cultures all gave a very pronounced odor of organic 
acids, and microscopic observation revealed the development of an abundance 
of organisms of the Clostridium pastorianum type. As stated in the discussion 
of the equations, the solution of ferric hydrate will tend to occur as a result 
of lowered oxygen pressure and this reaction will lead to a more alkaline reac- 
tion. Under these conditions the microdrganisms not only tended to lower 
the oxygen pressure but also markedly increased the acidity by the decomposi- 
tion of the dextrose to organic acids. These actions tended to render the 
reaction extremely acid, as is indicated by the pH of 3.0 in the solution lack- 
ing iron. Ferric hydrate, however, prevented the rapid change of pH, which 
reached a point of only 6.0 in spite of the fact that more acid was actually 
produced in the presence than in the absence of iron. It is, of course, not 
alone a solution of the ferric iron but also a reduction to its ferrousform. The 
solution will hold extremely small amounts of ferric iron under the conditions 
which developed. It is particularly striking that as much as 70 to 74 mgm. 
of ferrous iron occurred per 100 cc. of solution at a pH as alkaline as 6.0. As 
shown in a preceding paper (12), under atmospheric conditions only about 
0.00027 p.p.m. of ferrous iron occur in inorganic solution at a pH of 6.0. 
Similar though less striking changes occurred with the peptone cultures. 
The reaction became more acid, as indicated by both the pH and titrable 
acidity. The initial pH was 7.0 and the titer was 0.20 cc. Although the pH 
of the culture lacking iron was lower, the titration of the cultures containing 
iron was greater, showing a greater development of acid and the buffering 
action exerted by the iron upon the hydrogen-ion concentration as it went 
into solution. Even with the peptone medium at reactions not far from 
neutrality, appreciable amounts of iron became dissolved. The increase in 
acidity may be explained as due to the fatty and carbonic acids formed as a 
result of the decomposition. It can be stated, therefore, that iron may go 
into solution under anaerobic conditions not only where compounds low in 
nitrogen, as carbohydrates, undergo decomposition but also during the de- 
composition of highly nitrogenous materials. Naturally the more alkaline 
the reactions the less iron will be retained in solution even under anaerobic 
conditions, but the amounts will be much greater than could exist in stable 
form in the presence of high oxygen pressures. Under anaerobic conditions 


there will also be a relatively high ratio of oom 


so that practically all the 


iron in solution will occur in the ferrous form. It is further not necessary to 
postulate the solution as ferrous bicarbonate under such conditions. Any of 
a great many anions, organic or inorganic, may exist in the solution, with the 
ions of ferrous iron remaining under anaerobic conditions. There may even 
be an excess of hydroxyl- over hydrogen-ions under such conditions without 
eliminating all ferrous iron from solution. 

Further studies were made, using a pure culture of Clostridium sporogenes 
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and Escherichia coli. Media containing peptone or dextrose were prepared 
as in the preceding experiment. A considerable amount of ferric hydrate 
was added to each of six 1000-cc. flasks. Dextrose medium was added to three 
and peptone medium to three. These were sterilized in the autoclave. One of 
each medium was left sterile and one of each was inoculated with Cl. sporogenes 
and Esch. coli. Anaerobic conditions were created by the same means as in 
the preceding experiment. The results appear in table 3. 

The sterilization with heat modified the dextrose medium to the extent of 
rendering the reaction acid (pH 5.3) and of bringing some of the iron into 
solution (20.63 mgm. per 100 cc.). It merely brought the peptone solution 
to a slightly alkaline reaction (pH 7.41). 


TABLE 3 
Effects of anaerobiosis and aerobiosis with pure cultures upon the solution and precipitation 
of iron 
DEXTROSE CULTURES PEPTONE CULTURES 
Fet* per 100 cc. Fet* per 100 cc. 
TREATMENT pH solution pH sAlution 
— Aerobic —- Aerobic ——- Aerobic — Aerobic 
mgm. mem. mgm. | mem. 
. 5.34 | 4.0 | 20.63 | 19.07 | 7.41 | 8.13 | 0 0 
Uninoculated............... { 4.1* 17 51 8 03* o* 


5.29 | 4.0 | 34.38 | 18.75 | 6.51 | 8.30 | 8.73 | 0 
AN SPOIDEENES sac cnicelecs a ces 


#1" 18.75 8 .04* 0* 


WN LUN 55), Talchesesa a Srareahe 


4.81] 4.1 | 66.88 | 37.19 | 6.86 | 8.16 | 3.75 | 0 
4.2* 37.50 8:22" o* 


* Cultures treated with phenol at time of exposure to free air. 


The data headed “anaerobic’’ (table 3) shows that much the same changes 
occurred here as with the mixed cultures. In general the changes are, how- 
ever, less pronounced. Cl. sporogenes, being essentially a proteolytic organ- 
ism, made limited growth on the dextrose. The reaction became somewhat 
more acid in both dextrose and peptone media and considerable amounts of 
iron were dissolved, particularly in the dextrose cultures. Naturally the 
solution of iron would tend to mask the amounts of acid which were formed 
and would tend to lower the hydrogen-ion concentration. Iron was dissolved 
during the development of even these pure cultures under anaerobic conditions. 
In the cultures of Esch. coli in peptone the reaction was very close to neutrality 
(pH 6.86) but some iron (3.75 mgm. per 100 cc.) was brought into solution. 

The preceding discussion has been confined to solution of inorganic com- 
pounds of iron. Similar applications of the principles underlying the reactions 
may be made to compounds of the nature of iron salts of organic acids. The 
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principal factor which will quantitatively modify the transformations of iron 
will be the ionization of these compounds. In general, ionization of the organic 
compounds will be lower than that of the inorganic salts of iron. The or- 
ganic compounds would be considerably more stable than inorganic salts of 
iron and the differences in stability could be explained as due to the differ- 
ences in ionization. Those most stable would have very slight ionization, 
and those of less stability, tending toward precipitation, would have somewhat 
greater ionization. Conditions, such as decreased hydrogen-ion concentra- 
tion and increased oxygen pressure, which tend to favor precipitation of 
inorganic forms of iron may result in no precipitation of organic compounds of 
the metal. 

It may frequently happen that under such conditions as occur in transforma- 
tions of iron in the presence of organic materials, organic compounds of iron 
may form which demonstrate much greater stability under aerobic conditions 
than do inorganic compounds. This is apparently what has taken place in 
some instances in our experiments where considerable amounts of iron have 
become oxidized to the ferric form under aerobic conditions and have remained 
in solution even though the reaction would be such as to hold extremely small 
amounts of ferric or ferrous ions. To such solutions the additions of consider- 
able amounts of alkali that created very alkaline conditions failed to effect 
precipitation of iron. One of the compounds which may react in this manner 
is ferric ammonium citrate. 

Lieske (21) observed that sucrose tended to dissolve some iron from hydrated 
ferric oxide. It was believed that some organic compound of iron was formed. 
Uspensky (37) found that the addition of small amounts of citrate consider- 
ably lowered the concentration of ionized iron. This was explained as being 
due to the formation of an unionized organic compound of the iron. Gruner 
(10) likewise found that as a result of the action of peat extracts on iron 
minerals, products were formed in which the iron was stable in solution 
or suspension under aerobic conditions for over a year. Bacterial action 
appeared to be necessary to effect a precipitation of the iron from these solu- 
tions unless salts such as MgCO; were incorporated and the solutions exposed 
to the air. 

With inorganic compounds we may assume that some such reaction as the 
following takes place as the reaction approaches neutrality: 


I 2Fe*+** + nHOH — Fe,0;-(H:0)n-3 | + 6H* 


The ferric ions undergo a precipitation as a result of the hydrolysis to a com- 
pound which is very slightly soluble under the existing conditions. We may 
also assume that in the presence of certain organic compounds the following 
occurs: 


II Fet+*++ + H»R — H(n-z) FeR +3H* 
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In this case no precipitation will occur, provided that H(n—s) FeR is a compound 
ionizing to such a slight degree that the solution does not become more than 
saturated with ferric ions. Since under aerobic conditions extremely few 
ions remain in solution close to neutrality, precipitation will occur unless the 
compounds are very slightly ionized. If organic salts of iron are not stable 
it would be inferred that their ionization liberates more ferric ions than are 
stable under the existing conditions of hydrogen-ion concentration, oxygen 
pressure, etc. Such an ionization results in such a reaction as I. 

It may happen then, that the iron going into solution under reduced oxygen 
pressure may become stable under increased oxygen pressure by the forma- 
tion of organic compounds. In fact, where iron does appear in considerable 
concentration either in the ferrous or ferric form at reactions close to neutrality 
it must exist in compounds very slightly ionized and not as ions. 


CONDITIONS PREDISPOSING PRECIPITATION OF IRON 


The equations presented previously indicate that either increased oxygen 
pressure or decreased hydrogen-ion concentration, or both, will cause oxidation 
of iron and may cause its precipitation. 

The effects of increased oxygen pressure are shown from a continuation of 
the studies of cultures initiated under anaerobic conditions and later exposed 
to the atmosphere. Subsequent to anaerobic incubation, cultures in dextrose 
and peptone media were divided into 100-cc. portions. Half of the cultures 
received phenol to inhibit microbial development. The other half were left 
to permit whatever changes the organisms might produce. Previous to 
anaerobic incubation the media had been inoculated with soil and no pre- 
cautions were observed to prevent additional contamination at the time of 
exposure to the aerobic environment. After two weeks these cultures were 
analyzed for the remaining ferrous iron and the reaction. The data are 
included in table 2 under the headings of “aerobic.” 

It will be noted that as a result of increasing the oxygen pressure there were 
very slight changes in either the dextrose or peptone cultures which lacked 
iron initially, except that the reaction became somewhat more alkaline, par- 
ticularly in the peptone culture. Neither of these cultures, of course, 
showed iron either subsequent to anaerobic or aerobic incubation. All of the 
other cultures showed very pronounced disappearance of ferrous iron; in fact, 
precipitation of ferric hydrate became apparent very soon after exposure of 
the cultures to the air. At the end of the two weeks there still remained 12 
to 22 mgm. of ferrous iron per 100 cc. of solution, but from 2 to ¢ of the iron 
had become oxidized and, to judge from the appearance of the cultures, the 
ferric iron had become precipitated to a large extent. At the same time the 
reaction became less acid as indicated by the titration but had higher hydro- 
gen-ion concentrations due to the removal by precipitation of a large part of 
the iron which had exerted a buffering action. All of the iron became pre- 
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cipitated from the peptone cultures and the reaction became quite alkaline 
(pH 7.7 to 8.2). 

Oxidation and precipitation in these solutions were apparently independent 
of microbial activity, since the solutions treated with phenol showed practi- 
cally the same transformations as those not sterilized. The only difference 
that appears appreciable is that in the dextrose cultures in which somewhat 
more ferrous iron remained in solution where no phenol was added. It is 
quite likely that this was due to the depression of the oxygen concentration as 
a result of the continuation of microbial activity. Nosuch condition developed 
in the presence of phenol. Such precipitation need not depend upon the 
presence of catalytic agents as suggested by Cholodny (5). Meehan and Baas- 
Becking (23) likewise failed to notice that iron bacteria accelerated the oxida- 
tion process. At least it is unnecessary to postulate biological action to obtain 
a speedy transformation. 

Similar experiments were performed with the dextrose and peptone solu- 
tions, some of which were inoculated with C/. sporogenes and Esch. coli. Sub- 
sequent to anaerobic incubation these solutions were introduced in 100-cc. 
portions into 250-cc. Erlenmeyer flasks and exposed to aerobic conditions. 
After two weeks these were analyzed for ferrous iron and reaction. The re- 
sults are included in table 3. 

Similar changes took place as with the solutions where mixed cultures 
developed. All of the iron became oxidized and precipitated from the peptone 
solutions and the reaction became quite alkaline. With the dextrose cultures 
there was an oxidation of a large part of the iron with an increase in acidity. 
There appeared to be no appreciable difference between those solutions treated 
with phenol and those left untreated. Consequently the transformations 
can be considered as occurring independently of microbial activity. One 
striking difference between the changes in these solutions and those supporting 
growth of mixed cultures was the formation of an abundance of precipitated 
ferric hydrate from the solutions of the mixed cultures and the lack of any 
visible precipitation from the pure cultures even though the ferrous iron had 
been oxidized to a considerable degree. As previously stated, such compounds 
of ferric iron must have formed as would be extremely slightly ionized, in 
order that no precipitation should occur. It is most likely that these com- 
pounds were organic. 

It seems particularly striking that even though the reaction may become 
more acid upon exposure of solutions to aerobic conditions, precipitation 
takes place. It is frequently inferred that many natural waters, particularly 
subterranean streams, carry iron in solution as ferrous bicarbonate (8, 13, 
40, 10,5). It is further stated that this form of iron may be quite unstable 
in contact with free air, causing an oxidation with the precipitation of ferric 
hydrate. Such reactions, independent of microbial activity may be responsi- 
ble for the deposition of iron. 

Reactions associated with precipitation of manganese may be somewhat 
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TABLE 4 
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Transformations resulting from microbial activity in peptone solutions containing iron 


as ferrous sulfate 


pH NHs-N Per 100 cc. IRON IN SOLUTION 
Increase 

Increase - | Totalas| in pre- ._ | Propor- 

marae | soit | Finan | emt | 20to | couton | DESDE cpa | Cotaes | ‘salue 
- growth tion 

mgm. mgm. mgm. mgm. mgm. mgm. | percent 

Unfiltered cultures 

Uninoculated.....| 5.0 3.6} 12:56 141.0} 45.5 186.5 | 75.6 
Inoculated........ 5.0 4.6} 44.00} 31.44) 129.0} 48.5 3:0) | 10054 7237 
Uninoculated.....| 5.5 3.8] 13.68 133.0 | 53.0 186.0 | 71.5 
Inoculated. ....... 5.5 4.6| 44.00} 30.32} 127.0} 57.5 4.5 | 184.5 | 68.9 
Uninoculated.....| 5.9 3.6 4.56 116.0 | 73.0 189.0 | 61.4 
Inoculated....... 5.9 4.6} 16.00} 11.44) 112.0} 70.5 | —2.5 | 182.5 | 61.4 
Uninoculated.....| 6.2 3.6 3.44 110.0 | 76.0 186.0 | 59.1 
Inoculated........ 6.2 5.0 | 42.24] 38.80) 66.0 | 116.0} 40.0 | 182.0 | 36.3 
Uninoculated.....| 6.3 3.8 3.44 105.0} 81.5 186.5 | 56.3 
Inoculated. ...... 6.3 5.2 | 111.92) 108.48] 36.0 | 149.0} 67.5 | 185.0 | 19.5 
Uninoculated..... 6.5 3.8 1.12 95.0} 91.0 186.0 | 51.1 
Inoculated. ...... 6.5 4.8 | 79.36] 77.04 70.0 | 114.5 | 23.5 | 184.5 | 37.9 
Uninoculated.....} 6.55 | 4.0 232 94.0 | 94.5 188.5 | 50.0 
Inoculated....... 6.55 | 5.3 | 144.48) 142.16) 6.0] 177.5 | 83.0 | 183.5] 3.3 
Uninoculated..... 6.6 Ba 1 AZ 87.0 | 100.5 187.5 | 46.4 
Inoculated.......| 6.6 5.0 | 129.12] 128.00) 42.0 | 138.5 | 38.0 | 180.5 | 23.3 
Uninoculated.....| 6.65 | 4.0 2.32 83.0 | 107.0 190.0 | 43.7 

Inoculated........ 6.65 | 5.0 | 129.12) 126.80} 0 1925-1 75:5 | 18255] 0 
Uninoculated.....| 6.7 4.0 1.12 78.0 | 106.5 184.5 | 42.3 
Inoculated........ 6.7 5.3 | 174.80] 173.68} 8.0] 175.5 | 69.0 | 183.5 | 4.4 
Uninoculated.....} 6.9 42 1.12 77.0 | 112.0 189.0 | 40.7 
Inoculated....... 6.9 5.5 | 167.92] 166.80} 24.0 | 160.0 | 48.0} 184.0 | 13.0 
Filtered cultures 

Uninoculated.....| 5.0 3.6 | 10.88 134.0 | 43.0 003) foe 
Inoculated. ...... 5.0 4.5 | 24.56] 13.68} 162.0 | 20.5 |—22.5 | 182.5 | 88.8 
Uninoculated.....| 5.5 3:8"| 12256 135.5] SOLS 186.0 | 71.5 
Inoculated....... 5.5 4.5 | 22.88} 10.32) 148.0} 29.0 |—21.5 | 177.0 | 83.6 
Uninoculated.....| 5.9 3.6 4.56 110.0 | 58.0 168.0 | 65.5 
Inoculated....... 5.9 5.2} 30:88] 26:32) S820} SiS | 23.5 | 169.5.| SI-9 
Uninoculated.....| 6.2 3.6 5.68 106.0} 61.5 167.5 | 63.3 
Inoculated....... 6.2 4.8} 20.56} 14.88) 100.0} 71.5] 10.0 | 171.5 | 58.3 
Uninoculated.....| 6.3 3.8 5:12 104.0} 59.0 163.0 | 63.8 
Inoculated....... 6.3 5.4] 84.00} 78.88) 36.0 | 122.0] 63.0 | 158.0 | 22.8 
Uninoculated.....| 6.5 4.0 2.32 90.0} 60.0 150.0 | 60.0 
Inoculated....... 6.5 5.4 | 131.36} 129.04) 14.0] 133.0} 73.5 | 147.0} 9.5 
Uninoculated.....| 6.55 | 3.9 1.142 91.0] 54.0 145.0 | 62.8 
Inoculated....... 6.55 | 5.6 | 138.24) 137.12) 10.0 | 135.5} 81.5 | 145.5] 6.9 
Uninoculated.....| 6.6 4.0 1 Ya 12 80.0 | 33.0 113.0 | 70.8 
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TABLE 4—Conlinued 


pH NHs3-N PER 100 cc. IRON IN SOLUTION 
Increase 
. Propor- 
Increase - | Totalas| in pre- . pepe 
- P Total ert ete | Dotal 
mame sitiat | Finat | cutie | O585 | solution | PRECIP | eiitate | cultures | ‘solu 
growth tion 
mgm. mgm. mgm. mgm. mgm. mgm. percent 
Filtered cultures—Continued 
Inoculated.......| 6.6 5.8 | 140.48) 139.36} 2.0] 114.5] 81.5 | 116.5] 1.7 
Uninoculated.... . 66.5 | 4.0 1.12 65.0} 35.5 100.5 | 64.7 
Inoculated....... 6.05 5.4 86.80) 85.68) 0 103.0 | 67.5 | 103.0; 0 
Uninoculated.....| 6.7 4.1 1:42 58.0} 31.0 89.0 | 65.2 
Inoculated....... 6.7 4.5 | 44.56] 43.44, 12.0] 78.0} 47.0] 90.0 | 13.3 
Uninoculated.....| 6.9 4.25 1.12 58.0 | 28.5 86.5 | 67.1 
Inoculated....... 6.9 6.0 | 115.36) 114.24) 0 78.0} 49.5 | 78.0] 0 


different from those related to precipitation of iron. Sdéhngen (35) observed 
that the oxidation of manganous compounds, resulting in the precipitation of 
manganic oxide, was related to the presence of oxy-acids. In the presence of 
certain hydroxyl-ion concentrations the oxidation and precipitation took place. 
This occurred whether the oxy-acids were produced by microérganisms or 
incorporated directly in the solutions and treated with sodium bicarbonate. 
Fatty acids failed to effect the change. This reaction is particularly interest- 
ing in that oxidation of manganous compounds with precipitation of manganic 
oxide occurs chemically with much less speed than oxidation and precipitation 
of iron. It is also significant that reduction of manganic oxide took place by 
the action of microdérganisms in the case where oxy-acids were produced. 
This reduction did not occur in the presence of fatty acids or inorganic acids, 
with the exception of HCl. These results may throw added light on the 
precipitation of manganese observed by Beijerinck (3) and Thiel (36). 

There is another phase of the phenomenon of precipitation of inorganic 
compounds of iron under aerobic conditions. In certain cases iron introduced 
as inorganic compounds into solutions containing organic matter may become 
precipitated subsequent to development of microérganisms. The following 
experiments were performed to indicate some of the agencies which under 
aerobic conditions might lead to precipitation of iron introduced as ferrous 
sulfate into peptone solutions. A 1 per cent solution of peptone was used. 
To portions of the solution, graduated amounts of NaOH were added to 
create differences in reaction. For each of two series 22 Erlenmeyer flasks of 
250 cc. capacity were used and 100 cc. of the medium was introduced into 
each. For one series ferrous sulfate was added to solution sufficient for 22 
flasks. The final concentration of FeSO,-7H2O was 0.5 per cent. The entire 
solution was sterilized by passage through a Berkefeld filter and then intro- 
duced with aseptic precautions into the sterile Erlenmeyer flasks in 100-cc 
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portions. To these media were added different amounts of 0.2 VN NaOH to 
create a range of reactions. One flask of each reaction was left uninoculated 
as a control and one of each was inoculated with a soil suspension. 

Another large volume of the peptone-ferrous sulfate solution was divided 
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into 250-cc. portions. The reaction of each of these portions was adjusted 
with amounts of alkali to create a series corresponding to that of the first 
series, but the large amount of precipitate which formed as a result of the 
alkali was filtered off and each lot of solution sterilized separately by passage 
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through Berkefeld filters. These solutions were likewise introduced into 
sterile 250-cc. Erlenmeyer flasks under aseptic precautions in 100-cc. amounts. 
One flask of each reaction was inoculated with soil and one left uninoculated 
to act as a control. The solutions were incubated for a month and then 
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Fic. 2. CoRRELATION BETWEEN CHANGES IN REACTION AND PRECIPITATION OF IRON IN 


FILTERED CULTURES 


analyzed for total and ferrous iron in solution, iron as precipitate, ammonia- 
nitrogen, and pH. The results are presented in table 4 and figures 1, 2 and 3. 
As these cultures incubated, an abundance of precipitate of ferric hydrate 
developed in the inoculated solutions. In some cultures this appeared on the 
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surface in the form of heavy membranes and in others it formed as a flocculent 
precipitate. Even the sterile media which had been filtered at the time of 
adjusting the reactions with alkali showed an appreciable formation of precipi- 
tate. The explanation for the precipitation becomes apparent upon a con- 
sideration of the environmental conditions. The solutions were adjusted to 
create reactions between pH 5.0 and 7.0. At such reactions, however, very 
small amounts of ionized iron will remain in solution. Consequently the 
reaction proceeds to oxidation to the ferric form, and becomes hydrated and 
precipitated as ferric hydrate, at the same time creating a more acid reac- 
tion (see discussion p.382). The oxidation and precipitation will continue until 
equilibrium is reached at which point the solution becomes saturated with 
t+ 

ferric iron and the ratio of ose “4 - reaches a definite value determined by the 
hydrogen-ion concentration under constant oxygen pressure. Where fairly 
large amounts of iron are introduced, as under the conditions of this experi- 
ment, there will be considerable precipitation until the acidity is noticeably 
great before equilibrium is reached. In these experiments the control cultures 
which were initially adjusted to reactions from pH 5.0 to 7.0, dropped to 
pH 3.6 to 4.25 at equilibrium. This precipitation continued for some time 
after the media were prepared, consequently there was a fairly large accumula- 
tion of ferric hydrate even in the media filtered at the time of preparation. 
The relative extent of the changes in reaction is shown in figures 1 and 2. 

Although the reactions became noticeably acid as a result of the precipita- 
tion, considerable growth of bacteria developed except in the most acid cul- 
tures. Even here some growth occurred. Asa result of microbial growth the 
reaction became less acid in all instances but was most marked where bac- 
terial growth was greatest. The pH of the cultures, which, according to the 
controls, was 3.6 to 4.25, reached points between 4.6 and 6.0, because of mi- 
crobial development. Increases in pH are correlated with increases in pre- 
cipitation of iron and, in general, the greater the reaction change the less the 
iron which remained in solution. In figures 1 and 2 the areas above the lines 
of the shaded areas indicate the percentages of iron in the cultures occurring 
as precipitate and below these, the percentages of iron in solution. The areas 
above the heavy lines at the lower parts of the shaded areas indicate the per- 
centages of iron as precipitate in corresponding cultures. The areas below 
these lines indicate the percentages of iron remaining in solution even after 
microbial development. Consequently the shaded areas between the two 
lines indicate the amounts of iron precipitated as a result of bacterial growth 
in terms of percentages of the total iron contained in the cultures. 

It is evident that large amounts of iron became precipitated except in the 
cultures which were most acid initially. In general, there is also a correlation 
between the amount of precipitation and the extent of the change in reaction 
toward alkalinity. 

The precipitation of iron tends to increase the acidity. Further, the de- 
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velopment of microérganisms tends to lower the oxygen pressure, which would 
favor solution rather than precipitation of iron. The factor responsible for 
precipitation must then be one largely concerned with formation of alkali. 
The alkali formed not only neutralized the acid liberated by precipitation of 
the iron but also further decreased the hydrogen-ion concentration to such 
an extent as to more than offset the dissolving action of the reduced oxygen 


pressure. 
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Fic. 3. CORRELATION BETWEEN FORMATION OF AMMONIA AND PRECIPITATION OF IRON AS 
A RESULT OF DEVELOPMENT OF BACTERIA IN PEPTONE SOLUTIONS 


In figure 2 the most acid cultures showed a greater solution of iron than 
the uninoculated ones even though the acidity was less than in the uninocu- 
lated. This may be explained as due to the effects of microbial growth in 
lowering the oxygen pressure. 

Since these media contained peptone, the decrease in acidity was probably 
caused by the formation of ammonia as a result of microbial development. It 
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is not to be expected that there would be an absolute correlation between 
ammonia formation and precipitation, since other factors, such as the effect 
of lowered oxygen pressure as a result of development of bacteria, would tend 
to offset the action of ammonia formation. However, from the curves in 
figure 3 it is quite evident that the extent of the formation of ammonia is 
sufficiently correlated with precipitation of iron to ascribe to it major impor- 
tance in determining the precipitation of ferric hydrate. In general, the greater 
the amount of ammonia formed the greater the amount of iron precipitated. 
The changes produced under these experimental conditions could hardly be 
considered as typifying conditions under which the reactions proceed in nature 
although reactions of this sort do undoubtedly contribute to natural trans- 
formations. They may, however, explain results obtained by others under 
similar conditions and invalidate conclusions that such precipitation is in 
any way associated with iron bacteria or that iron is directly concerned with 
the vitality of the cells responsible for the precipitation. The organisms pro- 
voke the precipitation but do so only indirectly, and any organism capable 
of producing ammonia in abundance from organic nitrogenous compounds 
under aerobic conditions would undoubtedly create similar precipitation. 

Precipitation may also occur under anaerobic conditions. In solutions 
containing iron, wherever sulfides are formed either from organic compounds 
or as a result of reduction of inorganic compounds of sulfur one may observe 
the formation of iron sulfide (10, 13). This is because of extremely low solu- 
bility product of the compound, which results in precipitation under condi- 
tions that would permit solution of ferric hydrates. The precipitation of 
iron under such conditions has been used as an index of sulfide formation by 
anaerobes (11, 14) and the occurrence of anaerobes in water as an index of 
contamination (38). 

The discussion above has been concerned principally with precipitation of 
inorganic forms of iron from solutions. Of no less interest is the precipitation 
of iron from organic compounds of such a nature as ferric ammonium citrate 
early noted by Adler (1) and studied more recently by Lieske (21, 22), Harder 
(13), Mumford (31), Thiel (36), and Mudge (29, 30). Although believed by 
Molisch (24, 25, 27) to explain the mechanism of precipitation by iron bacteria, 
this has been shown to be a phenomenon entirely divorced from transforma- 
tions associated with the nutrition of such organisms. In fact it appears that 
such changes are chemically and biologically of little more significance than 
the decomposition of specific organic materials. As has already been stated, 
iron remains in solution as organic compounds under aerobic conditions close 
to neutrality, by reason of the low ionization of these compounds. Trans- 
formation to compounds of greater ionization will result in precipitation of 
iron at reactions close to neutrality. This is undoubtedly the result of the 
decomposition of the organic radicals to which the iron is bound, liberating 
the iron into more ionized form. Hydrolysis and precipitation naturally 
follow. It would appear that almost any organism having the capacity of 
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decomposing these organic radicals would effect the precipitation of the iron. 
It does not appear to be particularly striking that organisms of a great variety 
having the capacity of precipitating iron from organic compounds may be 
found widely distributed in nature. It would seem to be more unusual if they 
were not numerous. As regards such precipitation, it becomes apparent that 
the specificity is not for the iron but rather for the organic radical. The fact 
that the specificity of such a precipitation is associated with the decomposition 
of the organic radical is clearly demonstrated by the results of Murray and 
Skinner (32). They made use of such precipitation for the differentiation of 
coli-aerogenes types which are not readily distinguished from one another. 
As shown by Koser (16, 17, 18, 19) these forms may be differentiated on the 
basis of utilization of citrate. For a convenient method of performing the 
test, Murray and Skinner utilized solid media containing ferric ammonium 
citrate. Those forms utilizing the citrate caused precipitation of iron with 
the formation of brown zones about the colonies whereas those not decomposing 
the citrate formed no brown zones. Although precipitation by some such 
means may contribute to natural precipitation of iron, one would hardly be 
justified in assuming that the iron played any part of primary importance in 
the nutrition of the cells causing the deposition. 


OXIDATION AND REDUCTION OF IRON 


The conditions favoring oxidation of iron have been stated as being either 
an increase in the oxygen pressure, a decrease in the hydrogen-ion concentra- 
tion, or both. Such changes may or may not result in precipitation, depend- 
ing upon the extent of the ionization of the iron. In solutions which are 
saturated with respect to iron, precipitation will occur subsequent to oxidation 
unless extremely few ions of iron exist. Where organic forms of iron do occur, 
oxidation may take place without precipitation. Wherever inorganic forms 
of iron do occur and even with some of the more highly ionized organic com- 
pounds, precipitation will occur subsequent to oxidation. It can hardly be 
stated, therefore, that oxidation results invariably in precipitation of iron. 
Conversely, precipitation may occur independently of oxidation of iron. 
Under such conditions as have been discussed previously, precipitation may 
result subsequent to the decomposition of organic radicals with which iron is 
in combination. Whether the iron in solution occurs in organic un-ionized 
or inorganic ionized forms, it will tend to become oxidized by increasing the 
oxygen pressure or lowering the hydrogen-ion concentrations. In the pres- 
ence of either slightly ionized or strongly ionized compounds the ratio of 


[Fet+] _. - 
will be the same at constant conditions of oxygen pressure and reac- 


[Fe+*] 


tion except for whatever influences other ions in solution may exert. 
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DISCUSSION 


Some of the agencies which may be responsible for precipitation of iron 
under natural conditions are the following: 


1. Activity of iron bacteria, both the strict and facultative autotrophs. 

2. Activity of heterotrophic microdrganisms in decomposing organic compounds of iron. 

3. Activities of organisms causing precipitation of iron asa result of environmental changes, 
such asthe formation of alkali (NH;) or the increase in oxygen pressure (algae). 

4, Strictly chemioal changes occurring as results of environmental changes, such as in- 
crease in oxygen pressure. 


Precipitation from any of the first three of these agencies is the direct or 
indirect result of microbial activity. In all four cases the iron may have 
become dissolved initially through the indirect action of microdrganisms under 
conditions of reduced oxygen pressure. Solution may also be quite independ- 
ent of microérganisms in an environment conducive to reduction. Which of 
these may have been of major importance in the deposition of bog iron ore is 
quite uncertain. Activities other than the above may have been active. It 
would appear to be assuming too much to state that iron bacteria have been 
mainly responsible for the formation of these deposits, merely because they 
are generally found in regions of iron precipitation. 

Supposing they are active in the formation of the natural deposits we must 
assume that they can develop where chemical precipitation would not pro- 
ceed, or assume that they accelerate the change which might occur sponta- 
neously. This latter assumption appears the more logical. As far as is known, 
all iron bacteria are aerobic. In fact, the reaction by which they exist is one 
of oxidation, and one of the characteristic changes always associated with the 
activity of iron bacteria is the accumulation of precipitated ferric hydrate 
about the cells. Also the reaction by which they exist is reversible. Let us 
assume a condition of equilibrium as regards ferrous and ferric iron in solution. 
If iron bacteria should become active here the concentration of both ferrous 
iron and oxygen would become reduced and ferric hydrate would be precipi- 
tated. The solution would consequently be in a state conducive to reduction 
and the precipitated iron would again go into solution. Unless the solution 
is not in equilibrium but in a state conducive to oxidation, accumulation of a 
precipitate of ferric hydrate cannot occur. It would appear then that iron 
bacteria exist upon a very narrow margin, utilizing energy from a reaction 
which is occurring spontaneously at no negligible speed. Assumptions by 
Winogradsky (39, 40) and Lieske (20) that the reaction takes place under 
conditions where it would not proceed independently of the bacteria, need 
further experimental verification. 

The reactions by which iron bacteria exist are quite different from those 
utilized by sulfur bacteria. The oxidation and reduction of iron is a reversi- 
ble reaction and may occur spontaneously, depending upon no other changes 
than variations in reaction or in oxygen pressure. With changes in sulfur, 
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however, the transformations from H2S to SO, and the reverse do not take 
place by the mere effects of hydrogen- or hydroxyl-ions or of variations in 
oxygen pressure, at least to a rate which is readily detected. Consequently 
with sulfur there must be more specific oxidizing or reducing agents than 
may effect iron transformations. 

The precipitation of iron about algae, although possibly of minor importance 
in the accumulation of deposits of bog ore (5), appears to be of rather general 
occurrence (5, 25, 26, 27). This reaction may be associated indirectly with 
the photosynthetic activity of the plants whereby oxygen pressure becomes 
greater in the immediate vicinity of the developing plants. 

From the preceding considerations it should become apparent that biologi- 
cally the mere precipitation of iron is of little significance unless the reactions 
responsible for the change are understood. It aiso seems likely that iron 
precipitation is much less frequently the result of action of iron bacteria than 
is generally expressed. The recent observations, both theoretical and practi- 
cal, by Baas-Becking and coworkers (2, 23) seriously question even the exist- 
ence of any organisms which live by a reaction ascribed to iron bacteria. 

It is realized by the authors that the effects of many compounds or organic 
or inorganic ions which may occur in solutions where transformations of iron 
take place, may affect not only the speeds of the changes but also quantita- 
tively influence the solution of iron. How great their effects may be is un- 
determined, but it would not appear that they would modify essentially the 
reactions considered above. 


SUMMARY 


Some of the activities of microérganisms associated with solution, precipita- 
tion, oxidation, and reduction of iron are considered in the light of equations 
developed previously. The following observations were noted: 


1. Under aerobic conditions microérganisms may effect solution of iron as a result of 
formation of acid by development in dextrose solutions. 

2. Uader anaerobic conditions in dextrose or peptone media, microérganisms may dis- 
solve and reduce iron present as ferric hydrate as a result of decreasing the oxygen pressure 
and of the formation of acid. This may occur even at reactions close to neutrality. 

3. Iron may remain in solution in organic combination under conditions inhibitory to the 
solution of inorganic iron, because of the extremely low ionization of the iron in organic 
compounds. 

4. Organic compounds of iron may form subsequent to solution of iron in organic media. 

5. Upon atmospheric exposure of solutions containing iron dissolved and reduced under 
anaerobic conditions, oxidation takes place and precipitation may occur. These changes 
may be independent of microbial activity. 

6. Under aerobic conditions, iron as ferrous sulfate introduced into peptone solutions may 
become precipitated subsequent to microbial development. The amount of precipitation is 
correlated with the amount of ammonia formed asa result of the decomposition of the peptone. 

7. The precipitation of iron from organic compounds of the metal results from the de- 
composition of the organic radicals creating a greater abundance of iron ions than existed in 
the original solution and more such ions than would create a saturation. Such precipitation 
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is dependent upon the activity of organisms capable of decomposing the organic radicals 
and not upon the direct action of the microédrganisms upon the iron. 

8. Oxidation of iron may or may not result in precipitation of ferric iron. Precipitation 
of ferric iron does not necessarily indicate an immediately preceding oxidation. 

9. So many agencies are active in the precipitation of iron that biologically it appears 
to be of little significance unless the reactions responsible for the change are understood. 
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Formulas are developed with the aid of the Donnan membrane equilibrium 
principle for base exchange in soils. They are verified by titrating suspensions 
of clay acid with salt solutions in the presence of a quinhydrone electrode. The 
results are then used to evaluate the base-exchange constants for several pairs 
of cations, the ionization constants of the clay acid and several clay salts, and 
the combining or molecular weight of the solid matter in the clay suspension. 

The subject of zeolitic base exchange in soils has deservedly attracted much 
attention from soil scientists (4, 5, 6, 9, 10); and with permutit, a zeolite used 
for water softening, much important work has been done, including that of 
Rothmund and Kornfeld (7, 8, 11, 12), who have worked out an empirical 


formula, 
e bis 
( ) ; sili 
a— 2 @-—-z 


where p represents the amount of exchangeable base in the permutit expressed 
in terms of an equivalent, a and 6 are the equivalents of each cation present in 
the solution, and # and K are empirical constants which depend upon the nature 
of the exchange bases. Their investigations prove that a true equilibrium is 
reached very quickly from either side, although possibly complicated by the 
hydrolysis of the permutit in some cases. A new derivation of this formula is 
given in the following. 

For most of this investigation a clay acid was used which had been practi- 
cally freed from cations other than the hydrogen ion. A few experiments 
have been carried out using clay “salts” prepared by treatment with a large 
excess of solution containing the cation of the salt desired. The structure of 
the clay acid has been the subject of many speculations (3), but for our purpose 
it will be sufficient to give it the formula HC (or H2C’). 

On bringing a solution containing a uni-univalent salt, such as potassium 
chloride, into contact with clay, an equilibrium is quickly established according 
to the equation HC + KCI<>KC + HCl. Some of the hydrogen of the clay 
acid and some of the potassium of the clay salt are dissociated from the clay 
and take part in the formation of the well-known electric double-layer. This 
thin film around the clay particle will be spoken of as solution I, and the bulk 
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of the solution is solution II. For the two dissociation equilibria the mass 
action law gives: 
[H*] [C7] 
—=K A 
[HC] “ = 


[K*] [C7] 
ikc] ~ “x ” 
Since the clay aggregate fulfils the condition of being non-diffusible, the 
Donnan membrane equilibrium principle may be applied to solutions I and II, 
giving: 
[H*], {[H*] 
ae ~ K+ - (C) 


Substituting (A) and (B) in (C) and simplyfying, 


(H*}(KC] Ky _ 
[K*] [HC] ~ Ky ~ 


(D) 


where the hydrogen- and potassium-ion concentrations are those in the bulk of 
the solution. For the reaction of a divalent cation, like calcium on clay acid, 
the equation becomes: 
[H+]? [Cac] Ky? 
(Ca [Hcl ~ Kca ~ ** ” 
Equations (D) and (E) have been derived by making the assumption that a 
single hydrogen of each clay “molecule” is replaced. If the clay acid acts asa 
dibasic acid, another theoretical treatment is necessary. For this purpose, 
by assuming that all the hydrogens are equidistant from the mean position of 
the negative charge on the clay particles, the application of Coulomb’s law 
becomes practicable. Let the work required to split off one hydrogen ion be 
taken asaunit. The work required to split off two hydrogen ions simultane- 
ously will be proportional to the product of the charges, i.e., the two times two, 
or four units. Therefore, for the second ion, four minus one, or three units 
would be required. In the same way five units of work would be performed 
in removing a third hydrogen. According to the free energy equation, W = 
RTInk, if W2 = 3W,, if WiW2 = 3W, and if W; We Ws; = 9W,, then W; W2 
...Wp = PW, and K,K, = K*, K,K2K; = Kj and K,K2... Kp = Ki", Ki 
with the exponent # squared.! 


1 The application of this principle to some of the simpler inorganic polybasic acids is of 
interest. In some of these, e.g., phosphoric acid, the successive ionization constants derived 
on this basis seem to lie within the experimental error of the constants given in the litera- 
ture. In the case of certain polybasic organic acids an application of this principle might 
lead to an estimation of the spatial arrangement of the replaceable hydrogens (10). 
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If more than a single hydrogen of the clay acid molecule is replaced, other 
equations with other constants must be substituted for (A) and (B). If only 
part of the second hydrogen is replaced, the constant in the equation will be a 
statistical mean of the two constants, suitably expressed. This could be 
handled by the method of Rothmund and Kornfeld (8) in which the ratio 
[KC]/[HC] could be raised to that power which would best fit the results to 
the interpretation of which the reasoning based on Coulomb’s law might be 
applied. The simple equation (D) and (E) will be first applied to the results 
and if found inadequate, recourse may then be had to the equation: 


[H+]? [KpC] [Hy] 
p Hi (F) 


[H+] [Cap Ce] (Ky, ]*" 
[Ca*+]» [HpC]? — [Cat*}»* 


= Ker (G) 


During the titration H ions are set free in the main solution, as an equivalent 
amount of the base ion enters into combination with the clay so that [H*] = 
[KC] = x. Set the [K+] in the solution equal to y and the [HC] will equal 
(a — x) where a is the total number of equivalents of the first replaceable 
hydrogen per liter. Equation (D) then becomes: 

x2 


an = Kex (H) 


and equation (E) for divalent ions: 


x3 
(a — x) = Kex (I) 


For any highly ionized salt, having a cation of valence m, the general equation 


gtr) 
@-a"y = Ker (J) 
might be obtained in a similar manner, in which » represents the valence of the 
cation. (In this discussion it is assumed that the anion of the added salt pro- 
duces no complications.) Similar equations have been derived from (F) and 
(G). 

The « values were obtained by measuring the concentration of the H ion in 
solution with a quinhydrone electrode and the y values were calculated by 
subtracting x from the total concentration of the salt in solution. By sub- 
stituting various pairs of experimental results in (F) and solving simultane- 
ously, a value for a is obtained which, if reasonably constant and if in accord 
with the known behavior of the various ions involved, may be considered as 


406 F. O. ANDEREGG AND R. P. LUTZ 


evidence in support of the above derivations. From this value it will be a 
simple matter, moreover, to calculate the apparent molecular (or combining) 
weight of the clay colloid. By setting in (F) equal to 2 we have an equation 
available for the case where two adjacent ions, both attached to the same clay 
molecules, have been simultaneously replaced, according to the equation: 


H;:C’ + 2M* = M,C’ + 2H* or H.C’ + M*t = MC’ + 2H+ 


EXPERIMENTAL 


The salt solutions used for these experiments were made from Baker’s 
analysed chemicals and freshly boiled distilled water. All of the glassware was 
Pyrex and was carefully cleaned with chromic acid solution before use. The 
standard cell and potentiometer were carefully calibrated before and after use. 


Preparation of acid clay 


About 200 ml. of a suspension of Putman Clay? was placed in a parchment 
container of the dimensions 1 x 7 x 12 cm. and dialyzed for two weeks with the 
aid of direct current at 110 volts passing between platinum electrodes. The 
amperage was at first 80 milliamperes, but toward the end of the experiment it 
dropped to 12 milliamperes. The water surrounding the cell was changed 
every twelve hours. 

The clay particles migrated toward the side of the container adjacent to the 
positive electrode whereas some of the iron was removed from the clay complex 
and deposited as a brown ferric hydroxide on the wall of the container that was 
against the cathode. 


Titration of the clay acid with the hydrogen electrode 


A part of the dialysed clay was so diluted that each milliliter contained 1 
mgm. of solid. To 50 ml. of the suspension varying amounts of 0.0981 NV 
potassium chloride were added in 0.05-ml. portions from an accurately cali- 
brated 10-ml. burette, provided with a very fine tip so that amounts accurate 
to within 0.01 ml. could be obtained. The solution was stirred rapidly with 
a motor-driven stirrer during the process of titration. It was observed that 
even though considerable iron had been removed by electrodialysis there was 
a sufficient quantity displaced by 2 ml. of the potassium chloride solution to 
cause poisoning of the hydrogen electrode; therefore, some other means of 
measuring the pH had to be sought. 


* Svedberg and Nichols (13) observed the size of clay particles of the same origin and 
history to be about 40yyu. 

The authors acknowledge their indebtedness to Richard Bradfield of the University of 
Missouri for supplying the clay suspension used in these experiments. 
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Preparation and use of the quinhydrone electrode 


Biilmann (1) has used the quinhydrone electrode in the study of soils with 
very good results. It was tried for this work and was found to be very satis- 
factory, as all the solutions were on the acid side of the neutral point. The 
quinhydrone electrode was calibrated in an acid phthalate solution against a 


TABLE 1 
Titration of acid clay with 0.1 normal NaCl solution 


EQUATION D EQUATION E 
seer aad Run No. 1 Run No. 2 Run No. 1 Run No. 2 
a X 105 Kex a X 105 Kez a X 105 Kex a X 105 Kex 

mil. 

0.05 

0.10 1.28 1.05 137 1.105 1.34 | 0.328 1.38 | 0.621 
0.15 

0.20 1.44 0.682 139 0.278 1.41 0.0437 1.38 0.259 
0.25 

0.30 1.60 0.183 1.09 |a>x 
0.35 

0.40 1.68 0.124} 1.29 0.210 1.53 | 0.0593 1.40 |}a>x 
0.50 

0.70 i 0.252 1.39 1.51 | 0.00582} 1.42 | 0.0287 
1.00 

2.00 1.58 0.220 Los 1e>s 1.38 18> <¢ 
5.00 
10.00 1.53 0.154 1.34 0.312 1.53 0.00672} 1.36 @a>x 
Mean 1.50 0.413 1.39 0.386 1.44 1.41 

Hy = 6.8 X 10, Kna = 1.7 X 10% This equation does not hold for NaCl 


The large dissociation constant of the Na salt of clay raises the charge on the clay micelles 
increasing the dispersion and incidentally holding back the H ion from being completely 
replaced. 


hydrogen electrode, the circuit containing the salt bridge used in the actual 
measurements. The experiments were carried out at a temperature of 18°. 
The direct determination of the base-ion concentrations would be very de- 
sirable, but the experimental difficulties combined with the short time available 
have made these measurements impracticable at present. 
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Titration of acid clay with salt solutions 


The data for the electrometric titration of the acid clay with various salt 
solutions are given in figures 1 and 2 after the pH is corrected for the diluting 
effect of the added solvent. Equilibrium was quickly reached after each 
addition. For a titration the initial volume was 50 ml. containing 50 mgm. of 
solid acid clay in suspension. 

The results for the a and Kex values calculated from the data obtained, in 
pairs, using equation (D) and (E) are given in the tables, in addition to those 


TABLE 2 
Titration of acid clay with 0.1 normal KCI solution 
EQUATION D EQUATION E 
ae ag Run No. 1 Run No. 2 Run No. 1 Run No. 2 
a X 105 Kex a X 105 Kex a X 105 Kex a X 105 Kex 

ml. 

0.05 2.53 0.593 | 1.54 0.129 2.21 | 0.095 2.50 | 0.070 
0.10 

0.15 

0.20 1.28 0.166 | 2.05 0.229 3.85 | 0.037 1.83 | 0.0132 
0.25 

0.30 4.17 0.117 | 1.84 0.237 3.33 | 0.0105 | 1.83 | 0.0110 
0.35 

0.40 4.60 0.091 | 3.23 0.331 3.66 a>«x 2.28 | 0.0063 
0.50 

0.70 4.90 0.463 |} 2.13 0.198 3.23 a>x 1.94 | 0.0076 
1.00 3.25 0.379 | 2.07 0.450 ty a>x 2.04 | 0.0081 
2.00 

5.00 
10.00 2.29 0.287 1.84 0.418 3.02 a>x 1.93 | 0.00032 
Mean 3.43 0.299 | 2.10 0.332 2.92 2.05 

Hy = 6.8 X 10, Kx = 1.15 X 10 This equation does not hold for KCl 


calculated on the assumption that each clay group acts as a dibasic acid making 
exponent / in equations (F) and (G) equal to 2. 

The value a is the number of mols of replaceable H ion per liter of suspension, 
no matter whether one or more H’s are attached to each clay molecule. Calcu- 
lation by either of the alternate formulas gives the same value within a devia- 
tion corresponding to a rather small experimental error for the exchanges 
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between the potassium, magnesium, or calcium ions and the H ion. The 
average is 2.87 X 10-5 as compared with 1.44 X 10-* for the sodium ion. As 
the sodium compound has a much higher ionization constant, the charge on the 
clay particles is greater than with the other three ions, resulting in more dis- 
persion and also in more attraction to prevent the loss of more hydrogens. 
This is probably the reason for the low a values in this determination. 


TABLE 3 
Titration of acid clay with 0.1 normal MgCle solution 
EQUATION E EQUATION G 
er ed Run No. 1 Run No. 2 Run No. 1 Run No. 2 
a X 105 Kex a X 105 Kez a@X10° |KexX10¢] a X 105 | Kex X 106 

ml. 

0.05 

0.10 2.15 0.588 | 1.71 0.893 1.925 | 2.31 1.31 1.68 
0.15 

0.20 2.38 0.534 | 2.77 0.297 4.40 Lae 2.59 1.25 
0.25 

0.30 2.74 0.331 | 3.00 0.301 4.93 1.99 4.30 1.29 
0.35 

0.40 3.24 0.168 | 3.57 0.133 1.18 2.30 5.14 1.49 
0.50 

0.70 2.92 0.622 | 3.71 0.138 3.53 2.74 6.43 1.62 
1.00 

2.00 3.08 0.546 | 3.52 0.393 3.93 4.72 1.29 1.40 
5.00 
10.00 2.96 0.722 | 3.53 0.448 261 |ea>2] 241 3.79 
Mean 2.783 | 0.501 | 3.267 | 0.401 3.25 2.81 3.35 2.09 

Ky = 6.8 X 10%, Kmg = 7.3 X 10° If Ky = 6.8 X 10 

and if (Ky,)*/KMg,,. = Kexc, 
then Kca,,. = 1.9 X 107*8 


The Kex values can be used with that of Ky,—the dissociation constant of 
the monobasic clay acid, for which that suspension of clay having the highest 
pH was used—together with the mean a value, to calculate the dissociation 
constants for the four clay salts as listed at the bottoms of the tables. If the 
clay is dibasic, by assuming that the Ky,, is equal to (Ky,)*, an evaluation 
of the constants Kug,, and Kca,, can be made. They are of the order of 
10-**. Calcium and magnesium are not attached appreciably more tightly to 
the clay particles than potassium is, as evidenced by numerous published 
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analyses of soils and of drainage waters. Hence the conclusion seems justified 
that these two ions do mot replace two H ions from a single clay molecule but 
from two molecules and that this clay, under the conditions of the experiment, 
behaves as a monobasic acid. The failure of equation (F) to hold for sodium 
and potassium points strongly toward the same conclusion. The smaller a 
value for the sodium determinations may be explained if the greater degree of 
ionization of this salt is remembered. A larger charge is placed on the clay 


TABLE 4 
Titration of acid clay with 0.1 normal CaCl, solution 
EQUATION E EQUATION G 
oe ae Run No. 1 Run No. 2 Run No. 1 Run No. 2 
a X 105 Kex a X 105 Kex a@X105 |KexX10¢| a X 105 | Kex X 106 

ml. 

0.05 

0.10 1.13 C424) 2.17 0.882 1.06 1.20 2.39 1.63 
0.15 

0.20 2.47 0.120 | 2.83 0.267 1.10 1.46 Ie LOrS 
0.25 

0.30 3.01 0.248 3.84 1.05 
0.35 

0.40 2.46 0.271 |. 265 0.298 1.95 2.85 7.00 25 
0.50 

0.70 259 0.319 | 3.07 1.39 3.78 4.77 2.81 £255 
1.00 

2.00 2.69 0.540} 3.07 0.581 2.81 x> 8 3.60 1.20 
5.00 
10.00 2.42 0.405 | 3.19 0.400 2.01 x >a 2.61 3.34 
Mean 2.389 | 0.413 | 2.857 | 0.581 2:21 Zoe 3.92 1.59 

If Ky = 6.8 X 10°, Kca = 7.6 X 108 If Ky = 6.8 X 10° 

and if (Ky,)8/KCa,,, = Kexe, 
then KCa,,, = 2.2 X 10738 


suspension thereby, and the remaining hydrogens which are readily replaced 
by the other three basic ions are held back. 

The clay suspension used contained a known weight of solid material (1 gm. 
of clay dried to constant weight at 100°). The equivalent weight of the clay 
acid as calculated, using the a values from the last six titrations, appears to be 
close to 3500 for clay dried in the oven, and about 3900 when dried in a vacuum 
desiccator. Since the evidence points strongly to the clay acid being mono- 
basic, it seems very probable that this is also the molecular weight. 
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SUMMARY 


1. Formulas are developed for base exchange in soils and in similar systems 
in which the equilibrium constant is shown to be a function of the ionization 
constants of the combination between the base ions and the clay. 

2. Data obtained by titrating an acid clay suspension with solutions of salts 
in the presence of a quinhydrone electrode are substituted in the several equa- 
tions and are apparently of sufficient accuracy to warrant certain conclusions 
in spite of the multiplication of the experimental error during the computations. 

3. The base ions replace only one hydrogen from each clay “molecule,” 
according to the evidence adduced. In other words, the clay behaves like 
a monobasic acid in contact with the solutions of neutral salts used. 

4. The molecular weight of the clay is probably about 3500 when oven- 
dried and about 3900 when desiccator-dried at ordinary temperatures. 

5. The ionization constants for the sodium, potassium, magnesium, and 
calcium salts of the clay used are calculated to be, when multiplied by 10§, 
1.70, 1.15, 0.73 and 0.76, respectively. 

6. The exchange constants between sodium, potassium, magnesium, and 
calcium, and hydrogen are evaluated. 

7. The method offers considerable promise of usefulness in laying down a 
rather exact physico-chemical ground work for base exchange and similar soil 
problems. 
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Many instances of abundant nodule formation have been observed on soy- 
bean plants growing in Illinois where it has been impossible to trace the source 
of the nodule bacteria to artificial inoculation or to the blowing and washing 
of inoculated soil upon the land. The explanation of these observations was 
not discovered until early in 1922, when C. D. Jones, working in this laboratory, 
found that a culture of soybean nodule bacteria produced nodules upon soy- 
bean and cowpea plants. Later in the same year Leonard (5) published a paper 
giving the results of investigations begun by him in 1917, in which he found 
“an interchangeability of the nodule-forming function between cultures of 
B. radicicola from soybean and cowpea nodules.”’ 

The laboratory observations of many investigators indicate that the nodule 
bacteria of the soybean plant are specific for this legume. Garman and 
Didlake (2), as well as Burrill and Hansen (1) concluded that the soybean 
nodule bacteria do not produce nodules on any other legume and belong, 
therefore, in a separate group. Burrill and Hansen (1) found, however, that 
the cowpea and soybean nodule bacteria have some similar growth habits on 
laboratory media. Léhnis and Hansen (8) and Shunk (9) likewise found that 
the cowpea and soybean nodule bacteria were similar in that they possessed 
monotrichous flagella, whereas bacteria belonging to groups other than the 
cowpea and soybean possess peritrichous flagella. Lohnis and Hansen (8) 
also found that both cowpea and soybean nodule bacteria cause little change 
in sterile milk, whereas members of all the other groups produce a serum 
zone at the top. 

In field observations, Lewis and Nicholson (6) found no nodules on the roots 
of soybeans growing in the vicinity of well inoculated cowpeas. Lipman (7) 
and Hopkins (3) reported similar results from investigations conducted in 
New Jersey and Illinois, respectively. The absence of nodules on one variety 
of soybeans could not, however, be considered conclusive evidence that cowpea 
bacteria will not infect the soybean plant, for Voorhees (12) found that with 


1 Contribution from the division of soil biology, department of Agronomy. Published with 
the approval of the director. 
? Assistant Professor and Assistant in Soil Biology, respectively. 
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two varieties of soybeans growing in the same field, one showed abundant 
nodule development while the other had none. 
According to Kirchner (4), Cohn observed nodule development upon the 
soybean grown in soil which had not received any kind of inoculation. 
Recently Stevens (10, 11) and Wright (13) have shown that it is possible 
to divide the groups of nodule bacteria into strains or biotypes on the basis 
of serological reactions and cultural and physiological characteristics. 


EXPERIMENTAL METHODS 


In planning the experiments reported in this paper, it was recognized that 
the validity of the results secured by an investigation of this kind is to a large 
extent dependent upon the use of pure cultures. For this reason, extreme care 
was used to prevent any probability of error due to mixed cultures. Many 
of the cultures were secured from isolations made in this laboratory, but a few 
were obtained from other sources. In every case the bacteria were allowed 
to grow 6 to 10 days in modified Ashby’s Solution. Portions of these liquid 
cultures were then shaken vigorously for 40 minutes with sharp sterilized 
sand to break up any clumps that might be present. These shaken cultures 
were diluted and plated in yeast-water mannitol agar (pH 6.8) and incubated 
6 to8 daysat 28°C. Ten to thirty well isolated colonies were picked from each 
set of plates and tested for nodule production on cowpea and soybean plants. 
In several instances this procedure was repeated with individual cultures 
arising from these colonies. In order to obtain a further check upon the purity 
of the cultures, single cells were picked from 3 of the cultures by the Barber 
technique. 

Pint jars were used for growing the test plants. The sand was washed and 
dried and about 2 gm. of 100-mesh limestone added to each jar before sterilizing. 
All of the seeds used were sterilized 4 to 5 minutes in a solution of bichloride 
of mercury (1:500) under a partial vacuum and then washed thoroughly 
with sterile water. Both cowpeas and soybeans were planted in the same jar. 
After the seed began to germinate, but before the plants were well up, 5 cc. 
of inoculum and 10 cc. of nutrient solution were added to each test jar. Dry 
sand was then spread over the surface to prevent the bacteria being carried from 
one jar to another by insects. The greenhouse was kept clean by frequent 
washings with a hose. The absence of nodules in the controls, used at the rate 
of 1 control to 3 inoculated jars, indicates that the great care taken to avoid 
contamination was effective. In this connection, it may be mentioned that 
in all cases of positive inoculation, the number of nodules per plant ranged 
from 12 to 35, further indicating that chance inoculation was not responsible 
for the nodules formed. The temperature was kept at 25 to 28°C. by placing 
the lower two-thirds of the jars in sand to which cool water could be added 
when necessary. The plants were allowed to grow about 21 days before 
they were examined for nodule development. 
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RESULTS 


The data obtained in these investigations suggest an explanation for the 
differences in the opinions of other investigators on this subject. Table 1 
shows that certain cultures isolated from the nodules of cowpeas produced 


TABLE 1 
Cross inoculation with soybean and cowpea nodule bacteria 
CULTURES ypc ane enue 
TESTS Cowpeas Soybeans 
RUS ANNIRO eyieia ceo. oie sarale airs Oe ows torte nee 6 42 + + 
Bay Ra eas trance wd cere ines cwite cates 10 70 + + 
RU INCRE es oe 7 foc afors cre cee she Ren erent 3 21 + + 
BOR RPRIN MIE eas ooij stale. Gremlins oo ade Sais ae xeon 10 70 + + 
GUE ROHINNO ZOD) 4 ain Scien oialeicisnre dea Ween one 3 21 + + 
RO NINN te alo ix alors ctveies caw erates ciavsieie weitere 5 14 + + 
ON ORIG Seccere aienicceste si Gp Sie eodh nica ise ea 3 21 + + 
ORME evox ay c (ase oats Go eae ose neieen ie 1 4 — a 
Sry SOREN 2 re 2ay foirareretate oetays a latecelerero ries 2 11 aa aa 
SOVOAIO fore sa iP cis orsasans sratsiste haters aunioiasiarcie z 8 + + 
MOU MERNGLO yiolsssi ct < Fioiele ds atlas cise einieelee wise 3 21 + + 
SIR MEMINE EOD osieiorais) 950d Aielein OS oss eke Sis eees ae 3 12 + + 
OPORTO: (055 cassis coseee os Dotan nyt tae de 20 60 + + 
ROWAN iar. occas ain rae isa asec e ara ne sis 14 28 + + 
SE PORNO 15s ores areas entlesuisleeiee Rete 20 40 + + 
SRR 5562-0 sas a eae eae Sees 3 11 + - 
Cory Co LU) a SOR ee eee eee 3 1 + - 
MG WME DED Nets) 5 Src, sah ic esate = bole losis) a?o. nue Ustcoclore ees 3 GI “> — 
RSL ie eiiicsekoss:0 cases edie see amialeeateeias as 3 11 + = 
MS RMR AGIN Nas csiaiss soiree cares eens 3 11 + _ 
REM pRR ERO oy es sip aie) a ave siege )oienie adie nici mines 6 12 + = 
MOEN RN arc soucs sna asdib- sw stcce stelle siavsie esse’ slsie 6 12 4. _ 
NOG BCANIG otis oseis soins. Sie asems eae OSes 6 12 + - 
OMPOR MUAY, oo Si ssle view rece aueyilaneasa 4 8 a = 
MSQWNIE A 50) 5-5. 5::0:sinjas0'siwig's 0 <ceisie aonsinalece ses om 30 60 + + 
MSO ECA RG Reet eucicaanicss sie aise enero 3 12 + + 
MO aR 5 so xsl ecssnionn iia nee ec tien en einer erate 6 18 + + 
COMmCR MES kn SSCA de esl eee eee 4 16 + aS 


* Cultures obtained from W. H. Wright, University of Wisconsin. S. B. 8 and 10 were 
isolated from plants grown in Louisiana soil. S.B.15 was isolated from plants grown on Flor- 
ida soil. S. B. 2 came originally from U.S. Department of Agriculture. S.B.5 and 6 came 
originally from Pennsylvania. 

{ Cultures obtained from A. L. Whiting, University of Wisconsin. 


nodules on the cowpea plant but not on the soybeans grown in the same jar, 
whereas certain others produced nodules on members of both plant groups 
under identical conditions. After this fact was discovered, repeated efforts 
were made to isolate from these cowpea cultures, colonies which would not 
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produce nodules on the roots of soybean plants. If cross-inoculation could 
be explained on the “mixed culture” hypothesis, it would seem that certain 
colonies could be found which would produce nodules on members of one plant 
group but not on the other. The number of colonies picked and tested was 
increased from 10 to 20 with one culture and to 30 with another culture. 
Each colony, however, gave good inoculation on both cowpea and soybean 
plants. 
TABLE 2 
Influence of dilution upon nodulation 


| NUMBER OF NODULES PER PLANT 
DILUTION JAR NUMBER Culture 917 Culture 915 
Cowpea Soybean Cowpea Soybean 
a f 1 14 18 19 17 
— | 2 16 12 13 No plants 
1 12 8 14 10 
Cian 2 9 13 6 15 
f 1 Diseased 9 5 5 
1:1,000 , 8 4 : 2 
1 6 8 1 
:10,¢ { ‘ 
eran | 2 4 3 Diseased 1 
f 1 1 0 1 0 
5 d 
1:50,000 : ' ‘ 
f 1 1 0 0 0 
. ' 4 
em 2 0 Diseased 0 0 
( 
1 0 0 0 0 
-10,000.0 <q] 
1:10,000,000 ° > 0 9 9 
6 controls 1-6 0 0 0 0 


About 20 cultures isolated from soybean nodules were tested, but extensive 
work was done with only 15 cultures. Each of the 103 colonies picked gave 
good inoculation on both of the host plants. All the single cells picked from 
soybean cultures 915, 917, and 920 produced nodules on the cowpea plant, as 
well as on the soybean. 

After the difference in the nodule-producing power of the different cowpea 
cultures was noted, it seemed that the same difference might be expected in the 
behavior of various soybean cultures, but thus far no culture from the soybean 
nodule has been found to give negative results on either of the host plants under 
the conditions of these experiments. 
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It seemed probable, also, that if the cultures were mixed, the proportion of 
the respective organisms present would not be the same and that high dilutions 
might eliminate the members of one group and leave a sufficient number of 
those belonging to the other group to form nodules. Data secured from 
inoculations made in duplicate with 1 cc. of several dilutions from 2 cultures 
are given in table 2. 

In the lower dilutions, an abundance of nodules was produced on all the 
healthy plants. In three pots a diseased condition of the plants existed, which 
was evidenced by the brown, club-end roots. These abnormal plants had no 
nodules in any case. At the higher dilutions, nodule development was rather 


TABLE 3 
Serological reaction of cowpea and soybean nodule bacteria 
ANTI-SERUMS AND TITER 
CULTURE 

Cowpea 106 | Cowpea 107 | Soybean 120 | Soybean 915 
OE CC | Oa a ta me en 1:20,000 | 1:20,000 0 0 
Wownen Odeo surat obsecrasatewen beet 1:20,000 | 1:20,000 0 0 
CORO one scave’acenins sis obaearete Goo Hoe ets 1:20,000 | 1:20,000 0 0 
WCOWRER OD oo oo aris cQieWindg easter eu wines 1:20,000 | 1:20,000 0 0 
Mpeg NO os as oo lem els ieee eee 1:20,000 | 1:20,000 0 0 
ASGreppeaEM 5.5.0: ey eles Carnes eMaaes 1:20,000 | 1:20,000 0 0 
WCB ape ra oa Se ao aac ete siaeertee 1:20,000 | 1:20,000 0 0 
ACOWEAIANG oo oii a Sb ES Ate okwiae ete 1:20,000 | 1:20,000 0 0 
NCO WHNED) MRE ihn s Stsiete dele ais sre eiaie an Seewioaters 1:20,000 | 1:20,000 0 0 
0b 2" Cw eae ore RR 0 0 1:20,000 | 1:20,000 
SOV DEAN! AO sais iy asies ae Os ae eae teaewe 0 0 1:20,000 | 1:20,000 
OV DEAN ELO sa oases rows Ovicowstowale Gere 0 0 1:20,000 | 1:20,000 
RC) bie to | ra a eee eee 0 0 1:20,000 | 1:20,000 
w/o A | ea 0 0 1:20,000 | 1:20,000 
EOWA MED ie acs cide facie teweeaenes 0 0 0 0 
COMMA ABO cee sie ais an 0a aes eee Oe 0 0 0 0 
Bo i a a eee me 0 0 0 0 
NGO PAU sc eye is acter gc lee Seer sie ceseaele 0 0 0 0 


irregular. In some cases in one jar of the pair the cowpea plants were sparsely 
inoculated whereas the soybean plants were without nodules, and in the 
duplicate jar the reverse condition was true. None of the plants in the 6 
controls developed nodules. Since irregularities in nodule formation occurred 
with both species of the host plants at the same dilution of inoculum, it seems 
probable that either a pure culture of an organism interchangeable for in- 
oculation purposes was used or that approximately the same number of 
cowpea and soybean nodule bacteria were present. Since, as previously stated, 
30 well-isolated colonies produced cultures which inoculated both cowpea and 
soybean plants in every instance, the latter possibility seems the less likelv 
of the two. 
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Finally, cultures were re-isolated from nodules produced on the roots of cow- 
pea plants by soybean cultures and tested again against both hosts. Nodules 
were produced in all cases. In isolations of this kind, the nodules were im- 
mersed 3 minutes in a solution of bichloride of mercury (1:500) and transferred 
to 70 per cent alcohol for 3 minutes. The alcohol was allowed to burn off. 
The nodules were then cut into halves with a sterilized scalpel, and organisms 
transferred from the center of the nodule to agar slants. When sufficient 
growth had occurred, the cultures were shaken with sand and plated as before. 

In order to obtain further indications with reference to the possibility of 
mixed cultures, a number of agglutination tests wererun. The technique used 
was practically the same as that described by Wright (13). 

As is shown by table 3, the cowpea cultures which do not inoculate soybean 
plants are serologically the same. The ones which inoculate both hosts are 
in another group and are not agglutinated by antisera produced by the first 
group of cowpea cultures or by any of the soybean cultures tested. 

If it is assumed that several strains of serologically unlike cowpea organisms 
exist, it is possible that an agglutination test might not be conclusive proof 
of the purity of the cultures. If in addition to the agglutination tests, however, 
the number of positive inoculation tests obtained with cultures secured from 
plate selection and single cell isolation is considered, the probability that 
mixed cultures explain this cross-inoculation phenomenon seems very remote. 


DISCUSSION 


It is believed that there are two fairly good reasons why one might suspect 
the possibility of cross-inoculation between nodule bacteria of the cowpea and 
soybean groups. 

The first is that the two groups have many characters in common 
and differ alike from the nodule bacteria of all the other groups. The second 
reason is that certain strains of each group differ from other strains of the same 
group in cultural and physiological characteristics. In fact, one of these 
groups differs from the other group little, if any, more than a given strain within 
a group differs from certain other strains in the same group. It is not un- 
reasonable, therefore, to expect that certain cultures may adapt themselves 
to either of the two hosts, whereas others are capable of infecting only one. 

Furthermore, it is well-known that the cowpea nodule bacteria are more 
widely distributed in soils than are those of the other groups. The cowpea 
group contains the largest number of plant species of any common group. 
These species are more varied botanically than are the species of other groups. 
These facts suggest the possibility that the cowpea plant is capable of working 
in symbiosis with bacteria from the nodules of a great number of legumes which 
possibly do not in all cases cross-inoculate among themselves. This may 
explain why all of the soybean cultures tested possessed the power to produce 
nodules on the roots of cowpea, whereas some of the cowpea cultures infected 
the soybean plant and others did not. It will not be surprising, however, 
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if soybean nodule bacteria are found which do not produce nodules upon the 
cowpea plant. 


SUMMARY 


1. Cultures of legume nodule bacteria obtained by plate selection and single 
cell isolation have produced nodules upon both cowpea and soybean plants. 

2. Thirty-eight colonies picked from 9 different cultures of cowpea nodule 
bacteria produced an abundance of nodules upon the roots of 7 different 
varieties of the cowpea plant, but failed to produce nodules on the roots of 
any one of 7 varieties of soybean plants grown in the jars with the cowpeas. 

3. Forty-three colonies picked from 4 different cultures of cowpea nodule 
bacteria produced an abundance of nodules upon 7 varieties each of cowpeas 
and soybeans. 

4. One hundred and three colonies picked from 15 different cultures of 
soybean nodules bacteria produced an abundance of nodules upon the roots 
of 7 varieties each of cowpeas and soybeans. 

5. Both soybean and cowpea plants produced many nodules when inocu- 
lated with 3 different cultures of soybean nodule bacteria obtained by single 
cell isolations. 

6. No cultures obtained from soybean nodules were tested which failed to 
produce nodules upon the cowpea. 
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It is the general theory of the system of soil survey in use throughout the 
United States that the series and types into which soils are classified and 
mapped are fundamentally distinct units not only from the standpoint of 
their own properties but also from the standpoint of their relations to plant 
production. Field identification is of necessity almost entirely a physical 
matter, such factors as climatic environment, topographic position, physical 
characteristics of the profile, and to some extent rock origin and process of 
formation being the usual bases for series differentiation. Series are further 
divided into types principally on the single physical feature of the textural 
classification of the surface soil. The only direct aids toward chemical classi- 
fication which as a rule are employed, are field tests for reaction and salinity. 
As far as the surveyor is concerned in the field, fundamental chemical differ- 
ences are purely a matter of opinion based on gross features, such as organic 
matter which the eye can perceive, and on his knowledge concerning the effect 
of climate and rock origin on soil composition. 

Soil scientists should be very much interested in all quantitative studies 
which reveal the degree of chemical or physical homogeneity of the various 
types, or which indicate the chemical peculiarities of the various series. Such 
studies, on the one hand, serve to inform the surveyor as to the accuracy of his 
correlation, and on the other and far more important hand, probe the sound- 
ness of the system and provide information for its improvement. 

Organic matter has always been considered of high importance as a factor in 
series differentiation, originally on account of its well-known contribution to 
soil value. ‘There seems to be another and more important reason, however, 
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why it should be given consideration. Organic matter is produced from the 
plant material grown on the soil. The very climatic factors and soil differ- 
ences which are used in distinguishing series and types determine in consider- 
able part, the quantity of vegetation which the soil will produce. Likewise 
these same factors determine to an extent, the nature, rate, and completeness 
of organic matter decay, and the amount of its loss by erosion and leaching. 
Therefore, the amount of organic matter found in soil, particularly in its virgin 
state, should be, when properly interpreted, an important clue to the proper 
classification of the soil. 

In the use of this feature of soil in field classification, the surveyor is limited 
to three of its physical manifestations; namely, the blackness of the surface 
layer, the amount of fiber which the surface layer appears to contain, and the 
depth to which the surface layer extends. Although one may become very 
adept in the detection of variations in these respects and may feel confident 
that series distinctions may be based upon them as consistently as upon any 
other physical property, he has no assurance that the actual organic matter 
content is accurately estimated thereby. The chemist knows that these 
physical manifestations by themselves are at best very crude indices of actual 
organic matter content, and would rather suspect that the surveyor’s success 
in mapping soil types as homogenous units is achieved in spite of the employ- 
ment of these aids, and by reason of relations of the organic portion of soils 
to other properties of the series and type. 

The purpose of this paper is to show the homogeneity of various soil types 
in organic matter and nitrogen content, also the differences among series in the 
same respects. The data presented indicate that certain factors are of out- 
standing importance in determining organic matter content, and the relation 
of these factors to soil classification is discussed. 


HISTORICAL 


Pendelton (11) has made a study of the uniformity of the soil type in California, as mapped 
by the Bureau of Soils. His object was to determine whether certain soil types judged to be 
the same in soil survey work in the field really are the same, or similar, when classified in the 
laboratory. He worked with 24 cultivated soils representing 4 soil types. He found total 
nitrogen varying markedly from type to type. The total nitrogen content of the several 
types was “reasonably constant within the type and rather distinct for the types.”’ He does 
not discuss the relation of nitrogen to texture but found nitrogen varying directly with the 
amount of the “finer sediments present in the soil.’’ His data show that types with the high- 
est hygroscopic coefficients are highest in nitrogen content. 

Walker (17) studied the chemical composition of 67 soils and 64 subsoils, representing 
27 Louisiana soil types. None of his samples is described as being from virgin areas. His 
data do not indicate that the nitrogen content of either surface or subsoil is related to type, 
series, or texture. He states, ‘‘For all practical purposes—the soils are (all) uniform and very 
low—in nitrogen.” 

Blair and McLean (6) in a study of 24 soil types from 10 series in the Camden area of New 
Jersey, have observed that there is a gradual increase in total plant-food “following from the 
lighter to the heavier types through the different series.” They have also observed that there 
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isa ‘‘measure of similarity between samples of any particular type.”” Their data indicate that 
the above statements hold particularly for nitrogen and carbon. 

De Turk (8) reports an exhaustive study of the variation in nitrogen, carbon, and phos- 
phorus content in three Illinois soil types; namely, yellow gray silt loam, brown silt loam, and 
black clay loam represented by numerous 0 to 63-inch and 6§ to 20-inch samples from widely 
scattered sections of the state. The samples had been collected and analyzed during the 
routine course of the Illinois soil survey. De Turk does not explain whether they were from 
virgin or cultivated fields. He states that as far as ‘‘individual samples are concerned, the 
variation within a given type, even in a given county is very wide,—the probable errors of 
individual samples ranging from 5.8 per cent to 19.5 per cent of the mean in a number of cases 
which were computed.”’ He states also that “the extreme range of values as indicated by 
individual analyses would completely obliterate all chemical boundary lines between soil 
types.’’? On the average, however, the carbon and nitrogen contents of the types when com- 
pared by sectional divisions of the state are quite distinct. De Turk divided the state into 
rough cardinal sections preserving the grouping by main soil areas, and shows that carbon 
and nitrogen in the 0 to 63-inch section generally decrease in passing from north to south. 
This phenomenon he ascribes to the temperature and moisture relations in the south being 
more favorable to rapid decomposition of organic matter. A similar gradation was not 
found for phosphorus, nor for nitrogen and carbon in the 63 to 20-inch section. 

Brown and O’Neal (7), in a study on the correlation of color with organic matter, report 
the nitrogen and carbon content of 14 Iowa soil types each represented by composite samples 
from 4 to 16 counties. They do not discuss at any length the range in nitrogen and carbon 
in the different types but point out that the quantities of these constituents may overlap 
considerably in case of certain comparable loessial types, but may be quite different in ex- 
treme cases. Certain differences are ascribed to texture. They observe that there may be 
some relation between color and average organic matter content, but carbon and nitrogen 
contents may vary widely in individual samples without color changes being detectable. 
They do not state whether the samples studied were from virgin or cultivated areas. 

Alway and associates did much work on the nitrogen content of the virgin prairie soils of 
Nebraska before soil surveys had been made of the areas studied. Alway and Trumbell (4) 
present data on the uniformity in nitrogen content of the 0 to 6-inch section of a number of 
virgin prairie fields in eastern, south central, and western Nebraska. The following sum- 
mary of their data prepared by the writers shows the variation in nitrogen content between 
individual cores of soil. Alway and Trumbell believe that textural differences are mainly 
responsible for the wider variations in nitrogen content which are found between individual 
cores in the same field and between different fields in the same county. 


AVERAGE PROBABLE 
ERROR INA 
CONTENT SINGLE CORE 


per cent per cent per cent 
0.290 0.250-0.317 +0.010 
0.248 0.213-0.268 +0.009 
0.248 0.205-0.292 +0.017 
0.134 0.110-0.155 +0.009 
0.119 0.100-0.130 +0.008 
0.096-0. 228 +0.028 
0.094-0.199 +0.019 
0.082-0.179 +0.024 
0.039-0 .092 +0.014 
0.082-0.112 +0.006 
0. 106-0. 158 +0.012 
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Alway and McDole (3) studied virgin samples from six points in the prairie-covered loess 
soil region of Nebraska, beginning at Weeping Water where the annual precipitation is over 
30 inches, and extending westward to Wauneta where the precipitation is about 18 inches. 
They interpreted their studies as indicating a transition in soil character as a result of climate. 
They found considerable decrease in the quantity of organic matter and nitrogen from Weep- 
ing Water westward. In the surface foot at Weeping Water the organic matter and nitrogen 
contents were 4.98 and 0.236 per cent, respectively, whereas at Wauneta the percentage of 
these constituents was 2.77 and 0.136, respectively. They state (3, p. 219) that “The differ- 
ences in the nitrogen content of the first foot of the different areas might be due, partly or 
wholly, to differences in texture, a coarser soil tending to accumulate less organic matter. 
However, a comparison of the hygroscopic coefficients makes it evident that the texture 
does not account for the differences. The greater amount of nitrogen is probably due to the 
greater production of vegetable matter, which in turn is a consequence of the greater rainfall 
and lower evaporation.” 

Russel (13), working with Alway, has obtained, by dividing the hygroscopic coefficient 
by the nitrogen content, a measure of the relation of nitrogen to texture. Seventy 0 to 6-inch 
samples from Ramsey County, Minnesota, gave hygroscopic coefficient-nitrogen (HC/N) 
ratios ranging from 28 to 57 and averaging 38.4. Thirty-five of these gave values ranging 
between 37 and 43 and averaging 39.8. Only a few of these samples were virgin soils, the 
others being from cultivated fields in average condition of productivity. In discussing these 
findings, he states, ‘It must not be concluded that the nitrogen content of a soil can be calcu- 
lated by dividing the hygroscopic coefficient by 38.4 or byany othernumber. . . . . How- 
ever if there be a general relation between nitrogen and hygroscopic coefficient the determina- 
tion of these values (HC/N ratios) may give valuable information about a soil. Thus, if 
nitrogen is found to be lower than indicated by formula, the soil is to be judged as relatively 
low in nitrogen, and if it is higher than the calculated, it is in a high state of fertility with 
respect to that element. In advising such a formula, it is of course to be recognized that 
since the nitrogen content decreases with the depth, a different formula would be required 
for each section sampled.” 

Later, Stump (16), under the direction of Russel, studying the HC/N ratios of 15 virgin 
fields in Reno County, Kansas, found the ratios of 0 to 7-inch samples to be practically con- 
stant and averaging 43. Subsurface (7 to 20 inches), and subsoil (20 to 40 inches), gave 
widely varying ratios. 

Sievers and Holtz (15) in Washington have made valuable contributions to our knowledge 
concerning the relationships of organic matter and nitrogen to climate and other factors, and 
have presented data showing plainly the tendency of these soil constituents to be lower in 
quantity in the coarser textured soils, and in the regions of lower rainfall. 


EXPERIMENTAL 
Collecting the samples 


In grassland soils, the nitrogen and organic matter content decreases regu- 
larly with depth (14) apparently independently of physical appearances of 
horizonation. Therefore samples were taken to empirical depths rather than 
by horizons, the thickness of which would vary widely. Furthermore, the bulk 
of the organic matter is confined to the surface foot. Accordingly only the 
surface foot of soil was sampled, always in two 6-inch sections. Data are re- 
ported on 334 such samples all taken from virgin areas—either meadows, 
clean roadsides, or pastures which had never been plowed or overgrazed. 
Except in a few cases, the samples are composites of ten cores taken ten paces 
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apart in a straight line over a uniform portion of the area being sampled. Ina 
limited number of cases as few as seven cores have been composited. Samp- 
ling was done with a pair of augers or a tube, care being taken to sample to 
exact depths and to avoid contamination of the lower sample by the surface 
soil above. Aerial vegetation and debris were always swept away before 
sampling, but all roots and undecayed matter removed with the sample were 
included in it. 

All but 12 of these samples were accumulated with this study in mind during 
6 years. Soil survey maps were carefully followed in selecting the areas, ex- 
cept in a few cases where surveys were unavailable; there, the types were iden- 
tified through acquaintance with them elsewhere. Only typical areas within 
the type were sampled. 

The data on 12 samples have been compiled from the work of Alway and 
McDole (3). These samples are composites of 20 cores by inches in 5 fields, in 
each of 6 areas. The areas sampled by them fit well into the plan of this study 
and their methods for determining carbon, nitrogen, and hygroscopic coefh- 
cient are strictly comparable with those used in this investigation. Since 
the publication of their work, detailed soil surveys have been made in each 
area, which makes the identification of the soil types possible.” 


Soil types studied 


Figure 1 shows the location of the 147 fields sampled in Nebraska. These 


fields represent 18 series and 35 types. Ten series represented by 15 types 
are from uplands; 5 series and 9 types are from terraces; and 3 series and 11 
types are from bottom land. In addition, 10 areas identified as Pratt loam 
were sampled in central Kansas, and 5 areas each of Clarion and Hemsted silt 
loam were sampled in Minnesota. 


Relation of organic matter to nitrogen 


A number of investigators have shown that the ratio of organic matter 
to nitrogen in soil varies between narrow limits. Alway (1) and Fraps (9) 
have both suggested that for many purposes the organic content of a soil may 
be estimated by multiplying the nitrogen content by a factor. Read and 
Ridgell (12) have concluded that organic content may be calculated more 
closely from a nitrogen than from a carbon factor. Alway and Vail (5) found 


? The Alway-McDole samples which will hereafter be referred to as the A samples have 
been designated as follows: 


A-WW Weeping Water area Carrington silt loam 
A-L Lincoln area Carrington silt loam 
A-Ha Hastings area Grundy silt loam 
A-Ho Holdrege area Holdrege loam 
A-Mc McCook area Holdrege silt loam 
A-Wa Wauneta area Holdrege loam 
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the organic matter-nitrogen ratio (C X 1.724/N) in the first and second 6-inch 
sections of Nebraska virgin prairie soils to vary between 17.6 and 18.5. Alway 
and McDole (3) found organic matter-nitrogen ratios averaging 21.2 for the 
first 6-inch section, and 19.4 for the second 6-inch section, and varying but 
little from eastern to western Nebraska. 

Tables 1 and 2 show the organic matter-nitrogen ratios of a limited number 
of samples selected as representative of the range of textures included in this 
study. Included in these tables are the samples of Alway and McDole. The 
data for the 0 to 6-inch sections are shown in table 1, and for the 7 to 12-inch 
sections in table 2. The soils are arranged in descending order of 
hygroscopicity. 


Fic. 1. Map SHOWING THE LOCATION OF ALL AREAS SAMPLED IN NEBRASKA, WITH MEAN 
ANNUAL PRECIPITATION AND TEMPERATURE LINES 


The six large circles indicate the location of the Alway-McDole areas 


The average organic matter-nitrogen ratios for the 0 to 6 and 7 to 12-inch 
samples are 20.8 and 19.2, respectively. These averages are very close to the 
averages found by Alway and McDole and are but very little altered if the A 
samples be excluded. The average deviation from the mean in the 0 to 6-inch 
samples is +1.3 and the probable error of a single ratio is +1.9. For the 
7 to 12-inch samples the deviation from the mean ratio is +1.1. The varia- 
tion in the organic matter-nitrogen ratios among the lighter textured samples 
in the lower half of both tables is no wider than in the tables as a whole. 

For practical purposes the organic content in the surface foot of a virgin 
Nebraska grassland soil may be considered to be approximately twenty times 
the nitrogen content. Ina study of the relation of organic matter and nitrogen 
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to type, it is apparent that the same general conclusions would be reached by 
direct determination of either organic matter or nitrogen. Therefore on the 


TABLE 1 
Relation of organic matter (C X 1.724) to nitrogen for selected 0-6-inch samples 


HYGRO- 
= SCOPIC |ORGANIC 
SOIL TYPE COEF- | MATTER 
FICIENT 


NITROGEN 


per cent| per cent 


2743 | Carrington silt loam Cass : 0.296 
2750 | Marshall silt loam Saunders : , 0.300 
2771 + | Carrington silt loam Saunders ae : 0.298 
2694 | Marshall silt loam Cass ; 2 0.261 
2736 | Carrington silt loam Cass : ; 0.285 
2764 | Carrington silt loam Saunders : , 0.271 
2722 | Marshall silt loam Saunders 8 ; 0.267 
2715 | Carrington silt loam Cass : ; 0.254 
2729 | Marshall silt loam Butler BS , 0.274 
2785 | Carrington silt loam Richardson : : 0.254 
2757 +| Carrington silt loam Saunders ‘ , 0.257 
A-L Carrington silt loam Lancaster 264 
2528 | Carrington silt loam Richardson 260 
2708 | Marshall silt loam Cass 251 
A-WW} Carrington silt loam Cass 266 
2690 | Colby silt loam Hall 147 
2549 | Marshall silt loam Richardson 216 
2778 | Marshall silt loam Richardson 259 
2542 | Marshall silt loam Richardson 
2701 | Marshall silt loam Cass 

1316 | Lamoure clay loam Hall 

2536 | Carrington silt loam Richardson 
A-Ho | Holdrege silt loam Phelps 
2646 | Hall silt loam Hall 

A-Ha | Grundy silt loam Adams 
2669 | Hall v.f.s. loam Hall 

A-Mc | Holdrege silt loam Red Willow 
A-Wa | Holdrege loam Chase 

2623 | O’Neill loam Hall 

2677 | Cass sandy loam 
2673 | Hall sandy loam 
2632 | O’Neill sand 


coosossssosososssssococccs 


Average of A samples 
Average of all samples, exclusive of A samples 
Average of all samples 


*O.M. = organic matter. 


samples not included in tables 1 and 2, nitrogen only has been determined and 
all conclusions to follow are based on that determination. 
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Importance of hygroscopic coefficients 


At the outset, it was felt that, in an investigation involving the comparison 
of nitrogen contents in many different soil types and from many different 
sections, the factor of texture would probably overshadow and conceal all 


TABLE 2 


Relation of organic matter (C X 1.724) to nitrogen for the 7~12-inch samples, corresponding to 
those in table 1 


HYGRu- | 
FICIENT 

i percent| percent | per cent 
2758 | Carrington silt loam Saunders 15:3 4.3.90] 0.205. | 19:3 
2744 | Carrington silt loam Cass 14.2 | 4.76 | 0.240 | 19.9 
2723 | Marshall silt loam Saunders 14.0 | 3.76 | 0.208 | 18.1 4 
2751 | Marshall silt loam Saunders 14.0 | 4.27 | 0.220 | 19.4 t 
2772 | Carrington silt loam Saunders 13.9 | 4.21 | 0.219 | 19.2 
2737 Carrington silt loam Cass 13.3 | 4.60 | 0.223 | 20.6 
2765 | Carrington silt loam Saunders 13.3 | 3.98 | 0.204 | 19.5 
A-L Carrington silt loam Lancaster 12.6 | 3.77 | 0.187 | 20.1 
2709 | Marshall silt loam Cass 12.6 | 4.08 | 0.223 | 18.3 
A-WW)| Carrington silt loam Cass 12.3 | 3.84 | 0.200 | 19.2 
2702 | Marshall silt loam Cass 12.3 | 3.76 | 0.192 | 19.6 
2695 Marshall silt loam Cass 12.2 | 3.81 | 0.205 | 18.6 
2730 | Marshall silt loam Butler 12.0 | 4.36 | 0.224 | 19.5 
2716 | Carrington silt loam Cass 11.9 | 4.22 | 0.207 | 20.4 
2529 | Carrington silt loam Richardson 11.3 | 4.08 | 0.189 | 21.5 
2786 | Carrington silt loam Richardson 11.2 | 3.94 | 0.189 | 20.9 i 
2536 | Carrington silt loam Richardson 11.0 | 4.24 | 0.205 | 20.7 z 
2779 =| Marshall silt loam Richardson 10.7 | 3.53 | 0.190 | 18.6 E 
2691 | Colby silt loam Hall 10.7 | 1.15 | 0.063 | 18.3 « 
2543 | Marshall silt loam Richardson 10.3 | 3.13 | 0.170 | 18.4 u 
2550 | Marshall silt loam Richardson 10.3 | 2.98 | 0.159 | 18.8 } 
H-Ho | Holdrege silt loam Phelps 10.2 | 2.75 | 0.139 | 19.8 
A-Mc | Holdrege silt loam Red Willow 10.0 | 2.08 | 0.107 | 19.5 
1317 | Lamoure clay loam Hall 9.8 | 1.72 | 0.099 | 17.4 ; 
A-Ha | Grundy silt loam Adams 9.7 | 2.74 | 0.143 | 19.1 r 
A-Ho | Holdrege loam Chase 8.8 | 1.99 | 0.106 | 18.8 i 
2647 | Hall silt loam Hall 8:5 1 2.67 10.133 1-20:1 
2670 | Hall v.f.s. loam Hall 8.5 | 2.98 | 0.146 | 20.4 : 
2624 | O'Neill loam Hall 6.4 | 1.81 | 0.090 } 20.1 § 
2678 | Cass sandy loam Hall 5.0 | 1.66 | 0.098 | 17.0 a 
2674 | Hall sandy loam Hall 3.4 | 1.10 | 0.059 | 18.7 
2633 | O'Neill sand | Hall 2.5 | 0.60 | 9.038 | 15.9 q 


eS MMNENEINOE rte orci aan ics Sen eiile goa cowl veins uwssinwi Seu wee sea 19.4 

Pa On ALN PAINE EU RRIIID vino o Sais ose oo eviews seiore oe wie 08 8's 19.2 a 

NM ENED ooo isihn noe o cys eo seh ese ie ehie iene vie Sissisisnee esas 19.2 
—— : 


*O. M. = organic matter. 
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the other factors, unless by some method, it could be kept constant, or a cor- 
rection could be made for it. As one of the authors (13) had previously 
developed the idea of expressing the texture-nitrogen relationship by means 
of the hygroscopic coefficient-nitrogen (HC/N) ratio, it was decided that the 
same method should be used in this work. 

The hygroscopic coefficient will be used in this study as an expression of 
texture without entering into a discussion of its merit. A series of soils ar- 
ranged in descending order of hygroscopic coefficient will be considered as 
ranging in texture from heavy to light, that is, from fine to coarse. No attempt 
will be made in this paper to discuss the relation of hygroscopic coefficient to 
soil type and class. For the hygroscopic coefficient determinations, the meth- 
ods of Alway, Klein, and McDole (2) were employed. 


HOMOGENEITY OF SOIL TYPES IN NITROGEN CONTENT 


Table 3 shows the nitrogen contents and hygroscopic coefficients of the 
0 to 6-inch and 7 to 12-inch samples of 14 Nebraska soil types® represented in 
this study by as many as four fields each. The table also shows HC/N ratios, 
and the calculated probable error of a single ratio for each type. 

All types exhibit more or less heterogeneity in texture. They likewise 
exhibit a generally corresponding heterogeneity in nitrogen content. This 
apparent lack of uniformity disappears to some extent in all but the last three 
soils, when the ratios of hygroscopic coefficient to nitrogen are calculated. 
For example, in Carrington silt loam, the HC/N ratios of the 0 to 6-inch 
samples vary from 39.0 to 49.5 and average 44.2. The probable error of a 
single ratio is +1.9. Knowing the hygroscopic coefficient, one might calcu- 
late the nitrogen content by dividing the hygroscopic coefficient by 44.2. At 
the widest the calculated value might depart from the actual analysis by 0.035 
per cent, with an even chance that the departure would be within 0.011 per 
cent. In the 7 to 12-inch section, the HC/N ratios vary from 53.7 to 71.4, with 
an even chance that any ratio is found within the range 63.1 +3.4. 

The variability in HC/N values in both the first and second 6-inch sections 
is proportionally much the same in all types, excluding the last three. The 
probable error is +4 to 6 per cent of the mean for the first 6 inches, and +6 to 
10 per cent of the mean for the second 6 inches. Rosebud silt loam or Bridge- 
port very fine sandy loam in the short-grass region of extreme western Ne- 
braska is as homogenous in nitrogen content on an equivalent texture basis 
as is Carrington or Waukesha silt loam in the tall-grass section of eastern 
Nebraska, and Valentine fine sand in the Sand Hills Section of the state is 
as uniform as either. The three types of the Waukesha, Hall, and O’Neill 
series, which are all terrace formations, are as homogenous as the upland types. 


5 The description and distribution of these soil types in Nebraska may be found in Nebraska 
Conservation and Soil Survey Bulletin 15, the soil resources of Nebraska, by G. E. Condra, 
1920. 
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TABLE 3 
Homogeneity in nitrogen content of Nebraska soil types represented by four or more samples 


0-6-INCH 7-12-INCH 


0-6-INCH 
SAMPLE H 
: yero- ' Hygro- : 
= scopic | Nitrogen scopic Nitrogen 
coefficient coefficient 


per cent per cent 


Carrington silt loam 


2743 Cass A 0.296 
3400 Lancaster 0.273 
2771 Saunders 0.298 
2736 Cass 0.285 
2934a Johnson 0.253 
2491 Gage 0.278 
2617 Seward 0.254 
2764 Saunders 0.271 
1139.1 | Gage 0.275 
2715 Cass 0.254 
2785 Richardson 0.254 
1381 Saunders 0.295 
2757 Saunders 0.257 
A-L Lancaster 0.264 
2528 Richardson 0.260 
2856 Otoe 0.242 
2574 Johnson 0.269 
A-WW | Cass 0.266 
1373 Burt 0.218 
2535 Richardson 0.223 
1141.1 | Gage 0.251 
1140.1 | Gage 0.221 


_ 
wo > 
a) 


WOOCMHNNWWWRUUANUOOON &MUo 
¢ ~ 
COP RMN UAUNOWOWINWWHH ES & Ww 


SNONWROWAWUINOCUWOLDN w 


0.262 


wn 


22 samples, average 


Probable error of a single variant............. 


Marshall silt loam 


| Saunders 3 |0.300 | 44. 
| Cass | 12.3 | 0.261 47. 
| Cedar .263 45. 
Saunders 8 | 0.267 44. 
Saunders | 6 | 0.244 47. 
Thurston :231 49. ; 
Butler | 11.5 |0.274 | 41. 53.6 
Cass .2 | 0.251 44. : EAE 56.5 
Washington 1 | 0.235 47. | 60.0 
Richardson 7 10.216 | 49. “a 15 64.8 
Richardson | 0.259 41.; 56.3 
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TABLE 3—Continued 


0-6-INCH 7-12-INCH 
0-6-INCH 
SAMPLE COUNTY 
NUMBER 


Hygto- |. Hygro- | 
scopic | Nitrogen scopic Nitrogen 
coefficient coefficient 


per cent per cent 


Marshall silt loam—Continued 


2542 Richardson 10.6 | 0.225 47.1 
2898 Washington 10.6 | 0.267 39.7 
2701 Cass 10.6 | 0.254 41.7 
2896 Douglas 10.3 | 0.255 40.4 
2828 Dixon 10.1 | 0.229 44.1 


16 samples, average 11.2 | 06252 44.8 


Probable error of a single variant.............] 242.1 


Grundy silt loam 


Butler ; 0.306 42.5 
Gage ; 0.282 40.4 
Gage : 0.272 41.2 
Seward ; 0.277 39.7 
Hall ; 0.259 38.2 
Johnson : 0.266 36.3 
Howard ; 0.200 48.0 
Polk 0.256 36.8 
Adams ; 0.219 42.0 
2510 Hall 0.186 43.5 


10 samples, average 10.3 | 05252 40.9 


Probable error of a single variant.............] 42.3 


Rosebud silt loam 


174 
170 


0 

0. 
0. 
0. 
0. 
0. 
0. 
0. 
0.13 


2950 Kimball 
4001 Cheyenne 
2946 Kimball 
3993 Cheyenne 
2954 Kimball 
4007 Cheyenne 
2952 Kimball 
4011 Deuel 
2948 Kimball 


9 samples, average 


Probably error of a single variant 
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TABLE 3—Continued 


| 
0-6-INCH | 
SAMPLE 
NUMBER | 


0-6-INCH 


7-12-INCH 


Hygro- | 
scopic | 
coefficient 


Nitrogen 


Hygro- 
scopic 
coefficient 


Nitrogen 


percent 


percent 


Rosebud loam 


2940 
4031 
2942 
4037 
3971 
3985 
3981 
3969 
4025 
3977 
3653 


Kimball 
Chase 
Kimball 
Chase 
Kimball 
Kimball 
Kimbali 
Kimball 
Chase 
Kimball 
Sioux 


11 sample, average........ 8. 


| 


Ayr WIGAN KHOKWOOS 


mt mH 


~ 


COD if 


— 


0.176 
0.179 
0.151 
0.142 
0.147 

.150 


Probable error of a single variant............. 


60.8 
32.9 
60.3 
60.5 
54.4 
52.0 
52.4 
48.0 
37.5 
54.1 
62.2 


55.9 


+3.1 


NWOSUAN KO 


Holdrege silt loam—Western Nebraska 


| 
| Lincoln 
| Lincoln 


2934 
3454 
A-Mc 
2936 
2938 
A-Wa* 
3456 


Lincoln 
Lincoln 
Chase 

Lincoln 


7 samples, average......... 


| Red Willow 


92 


8.5 


| 
| 
| 


0.155 
179 
.162 
.164 
149 
159 
.150 


.160 


Probable error of a single variant............. 


Gc COO ~3 ~3 © a? 
ew Uw bt UW 


io) 
So 


Wankesha silt loam 


2477 
2972 
3736 
1385 
2501 
1458 


Boone 
Saunders 
Saunders 
Saunders 
Gage 


6 samples, average 


Washington 


10.4 


0.306 
6.261 
0.262 
0.276 
0.256 
0.252 


0.269 


Probable error of a single variant............. 


40.: 
45. 
42. 
34. 
35. 


* Holdrege Loam 
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0-6-INCH 


7-12-INCH 


0-6-INCH 

— COUNTY Hygro- 

: ‘ scopic 
coefficient 


Nitrogen 


HC/N 


Hygro- 
scopic 
coefficient 


Nitrogen 


HC/N 


per cent 


per cent 


Hall silt loam 


2646 Hall 922) 305255 
2648 Hall 8.6 | 0.202 
1302 Hall 8.2 | 0.198 
1292 Hall 0.195 


4 sample, average......... 


Probable error of a single variant............. 


Wwown 


Bridgeport very fine sandy loar 


3959 Scotts Bluff 8.1 
3883 Scotts Bluff 7.4 
3879 Morrill ree 
3887 Scotts Bluff 6.8 

4 samples, average......... 7.4 


0.120 
0.119 
0.115 
0.101 


0.114 


67.5 
62.2 
61.7 
67.3 


64.7 


Probable error of a single variant............. 


+2.1 


Valentine fine sand 


3855 McPherson 3.6 
3851 McPherson 3.0 
4263 Cherry 2.6 
3862 Lincoln 29 


4 samples, average......... 


0.096 


0.080 
0.068 


0.057 


Probable error of a single variant............. 


Cor OW 


O'Neill sa 


2636 Hall .68 
1284 Howard 3.17 
2632 Hall 2.87 
1286 Howard 2.70 


4 samples, average......... 3.10 


0.102 
0.076 
0.068 
0.079 


0.081 


Probable error of a single variant............. 


36.0 3.59 
41.7 2.04 
42.2 2.48 
34.2 1.26 
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TABLE 3—Continued 


0-6-INCH 7-12-INCH 


Hygro- ! Hygro- ; 
scopic | Nitrogen scopic Nitrogen 
coefficient coefficient 


per cent per cent 


<nox silt lo 


2928 Douglas : 0.199 
2872 Washington ; 0.249 
2890 Washington : 0.188 
2823 Dakota : 0.235 
1369 Burt ; 0.131 


5 samples, average 


Probable error of a single variant 


Colby very fine sandy loam 


3219 | Adams 7 10.180 | 59.4 
2884 | Dawson 4 [0.137 | 76.0 
3253 Kearney : 0.167 61.1 
3246 | Kearney 6 [0.174 | 49.4 


4 samples, average i 0.165 61.5 


Probable error of a single variant.............] 7.5 


Wabash silt loam 


Pawnee 3 0.257 
Pierce ; 0.320 
Butler ; 0.296 
Richardson ; 0.232 
Saunders : 0.281 
Knox ; 0.302 


6 samples, average........ : 


Probable error of a single variant +5.3 


It is interesting to note that the uniformity in all of these types is on the same 
order as that observed by Alway and Trumbell (see p. 423) for individual sam- 
ples in a single field. 

The last three types in table 3, viz., Knox silt loam, Colby very fine sandy 
loam, and Wabash silt loam are exceptional. The HC/N ratios in both 0 to 6- 
and 7 to 12-inch sections are highly variable and the probable error values are 
large. One could not estimate to any reliable degree, the nitrogen content of a 
sample of any of these types from the hygroscopic coefficient. The Knox type 
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occupies the highly rolling and bluff lands of eastern Nebraska. It is a soil in 
destructional stages on which erosion is outrunning organic-matter-producing 
processes. Colby very fine sandy loam is also an unstabilized soil, both physio- 


TABLE 4 
Homogeneity in nitrogen content of one Kansas, and two Minnesota soil types 


0-6-INCH 7-12-INCH 


Hygro- , Hygro- | 
scopic | Nitrogen scopic Nitrogen 
coefilcient coefficient 


per cent per cent 


Pratt loam—Central Kansas 


3620 Rice 

3448 McPherson 
3442 McPherson 
3606 Sedgwick 
3608 Sedgwick 
3444 McPherson 
3622 Rice 

3446 McPherson 
3604 Sedgwick 
3624 Rice 


Mw ooo S 
cosoososeso 
QO 6@@Q 66 @2¢0 € 6 


10 samples, average 9.0 


Probable error of a single variant 


Hemsted silt loam—Minnesota 


4289 Dakota 11. 0.375 S15 
4297 Dakota ; 0.359 32.6 
4293 Dakota ; 0.355 33.0 
4295 Dakota a 0.350 32.8 
4291 Dakota : 0.357 32.0 


5 samples, average........ ‘ : 0.359 32.4 


Probable error of a single variant.............} +0.4 


Clarion silt loam—Minnesota 


4301 Stevens 19.2 | 0.471 40.8 
4307 Stevens 18.6 | 0.567 32.8 
4303 Stevens 16.4 | 0.427 38.4 
4305 Stevens 16.0 | 0.517 30.9 
4309 Stevens 14.4 | 0.391 36.8 


5 samples, average 16.9 | 0.475 35.9 


Probable error of a single variant............. +2.8 
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graphically and ecologically. In some sections wind, during comparatively 
recent times, has drifted this soil type into low hummocks, which are now 
sparcely covered with vegetation, and in other places water has denuded the 
virgin prairie of organic matter. In such soil types, homogeneity in nitrogen 
content is not to be expected. 

Wabash silt loam and all other alluvial soils, are in general physiographically 
and ecologically unstabilized to some degree. They are frequently subjected 
to overflow and are variable in drainage conditions. It is not surprising 
therefore, that the nitrogen content and HC/N ratios in Wabash silt loam vary. 

Table 4 shows the homogeneity in nitrogen content of 3 types from outside 
Nebraska. The 10 fields of Pratt loam (identified by correlation with soils 
of the Pratt series in the published survey of Reno County, Kansas) are rep- 
resentative of a rather extensive area in central Kansas, yet are as uniform 
in the HC/N ratio of the first 6 inches as the soil types of Nebraska, and only 
slightly less uniform in the second 6 inches. The 5 fields of Hemstead silt loam 
from a single township in Dakota County, Minnesota (identified by correlation 
with the Hemstead silt loam in Ramsey County), are unusually uniform in 
both texture and nitrogen content. Clarion silt loam from Stevens County, 
Minnesota, exhibits a considerable degree of heterogeneity, which was not 
unsuspected at the time of sampling, for virgin areas were extremely difficult 
to find and not entirely satisfactory. The data for these types serve to indi- 
cate the application to other regions of the HC/N ratio method of studying 
nitrogen distribution in soils. 


RELATION OF NITROGEN CONTENT TO SERIES AND TYPE 


In table 5 is shown the type averages taken from table 3, and corresponding 
data for all other Nebraska soil type samples represented in this study by less 
than 4 samples each. The samples are arranged according to series and types 
in conventional groups based on source material and topography. For each 
series, an average based on the number of samples in each type, is shown. 

From the standpoint of percentage only, the Wabash series shows the high- 
est, and the O’Neill and Valentine series the lowest, nitrogen content. The 
Wabash series is generally ranked as one of the most productive in eastern 
Nebraska, whereas the O’Neill and Valentine are probably two of the least 
productive soils. 

Should percentage of nitrogen by itself be used as an approximate index of 
the productiveness of a soil, the silt loams of the Carrington, Marshall, Grundy, 
Waukesha, Wabash, and central Nebraska Holdrege series would all be classed 
as highly productive soils. Likewise the Knox and Hall silt loams, which con- 
tain almost identically the same nitrogen in both the first and second inch 
sections, would be classed together. The Knox soil, however, is notably de- 
ficient in nitrogen from the standpoint of crop production, whereas the Hall 
silt loam compares favorably with the Grundy, which is one of the better soils 
of the prairies. 
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TABLE 5 


Relation of the nitrogen content of Nebraska soils to series and type 


0-6-INCH 


SERIES AND TYPE 


ygroscopic 
coefficient 
Nitrogen 
ygroscopic 
coefficient 


ie 
' 


> 
S 


Glacial 


Carrington 
silt loam 22 samples 


Shelby 
loam Richardson 
loam Pawnee 
loam 


Average 


Marshall 
silt loam 2/0. 252 
loam 8/0. 187 


Weighted average 17 samples 010.248 


Grundy 
silt loam 10 samples .3]0.252 


Holdrege 
silt loam Cent. Nebr. 
silt loam Cent. Nebr. 
silt loam Cent. Nebr. 
Average 
silt loam, West. Nebr. 7 samples 


Weighted average 10 samples 


Knox 
silt loam 5 samples 
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TABLE 5—Continued 


SERIES AND TYPE 


COUNTY 


S 
2 
a 


7-12-INcH 


Hygroscopic 
coefficient 


Hygroscopic 
coefficient 
z | Nitrogen 


Loessial—Continued 


| Colby 
silt loam 
silt loam 
silt loam 
very fine sandy loam 
sandy loam 


Weighted average 


Sherman 
Hall 
Custer 

4 samples 
Hall 


& samples 


Residual 


| Rosebud 
silt loam 
loam 


| 


| Weighted average 
| Dawes 
loam 
| loam 
silt loam 


Average 


| Velentine 


9 samples 
11 samples 


20 samples 
Perkins 
Perkins 
Deuel 


3 samples 


4 samples 


0.101 
0.094 


0.097 


Terrace 


Waukesha 
silt loam 


Hall 
silt loam 
very fine sandy loam 
very fine sandy loam 


Average 


6 samples 


4 samples 
Hall 


0.269 


0.208 
0.206 
0.194 


8.4:0.200 


10.3/0.197) 53. 


8.5/0.144) 59. 
5|0.146) 5é 


9.2/0.101 


| 


8.910.124 
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TABLE 5—Continued 


7-12-INCH 


z 
g 
| 


SERIES AND TYPE 


Hygroscopic 
coefficient 
Hygroscopic 
coefficient 


Terrace—Continued 


Hall—Continued 
fine sandy loam 
fine sandy loam 
Average 
sandy loam 
Weighted average 

O'Neill 
loam 
loam 


Average 


sand 


Weighted average 6 samples 


Tripp 
very fine sandy loam Kimball 


Bridgeport 
very fine sandy loam 4 samples 


Alluvial 


Wabash 
clay Washington 
clay 


Average 


silty clay 
silty clay 
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TABLE 5—Continued 


7-12-INCH 


SERIES AND TYPE 


Hygroscopic 
coefficient 

Nitrogen 
ygroscopic 
coefficient 

Nitrogen 


i 


> 
2 
. 

> 
° 
x 


Alluvial—Continued 


Wabash—Continued 
Average 110.341 


silty clay loam Washington |14.5)0.335 
silt loam 6 samples 2.3/0.281 


Weighted average 11 samples 110.305 


Cass 
silt loam Douglas 110.574 
clay Washington 910.281 
loam Douglas .0/0.231 
sandy loam Hall 410.183 
fine sandy loam Hall .8)0.181 
fine sandy loam Douglas .4|0.178 


Average 5.6|0.180 


Weighted average 6 samples 410.271 


| 
i 


| Lamoure 
clay loam Hall 0. 203/493} 9.8)0.099 
8. 


fine sandy loam Hall 0.212/3 7.4/0. 111 


| 


Average 2 samples .1/0.208)44.0 8.6/0. 105 
' 


Percentage nitrogen alone is not a proper criterion of type differences. Tex- 
ture must be taken into consideration. When this is done, that is, when the 
data are interpreted in the light of HC/N ratios, the soils of the Wabash series 
are seen to be highest of all in nitrogen because they happen to be heaviest in 
texture, and the soils of the Valentine and O’Neill series are lowest in nitrogen 
because they are the lightest in texture. On the same basis the Knox type is 
revealed as one deficient in nitrogen, whereas the Hall silt loam is as well filled 
with nitrogen as the highly productive Grundy soils. 

The types and series may be classified into three groups: (a) soils with 
practically constant HC/N ratios, (b) soils with generally high but variable 
HC/N ratios, (c) soils with generally low but variable HC/N ratios. The 
Carrington, Shelby, Marshall, Grundy, Holdrege, Rosebud, and the terrace 


ORGANIC MATTER AND NITROGEN CONTENT 441 


TABLE 6 
Relative nitrogen content of the second 6-inch section of Carrington silt loam expressed in percentage 
of that found in the first 6-inch section 


N (7-12-mncH) 
0-6-INCH SAMPLE HC (7-12-1ncH) N (0-6-mNcH) 
NUMBER HC (0-6-1ncH) 


Direct Corrected for texture 


per cent per cent per cent 
101.3 81.1 80.0 
109.3 74.0 67.5 
149.1 1a50 66.2 
108.0 78.3 72.3 
108.1 73.1 67.6 
109.1 Lisl 11.2 
108.3 79.9 73.9 
110.8 (ae 
106.9 73.8 
102.5 81.5 
97.5 74.4 
110.4 w19 
DE | 79.7 
1g45 70.9 
100.0 (Pot 
105.3 78.5 
110.7 (les 
109.8 19:2 
103.6 72.0 
ub Gi | 92.0 
106.0 68.9 
118.3 81.0 


AVETALS: vicis05.50008 108.8 76.2 


Probable error of a single variant +4.0 


soils fall in the first group, the Knox and Colby soils in the second group, 
and the alluvial soils in the third group. The first group may be called 
“stabilized,” and the other two groups “unstabilized” soils.‘ 

No series of stabilized soils is represented by sufficient samples of a variety 


‘ Plant ecologists use the term “‘stabilization”’ for that process of adjustment of vegetation 
to environment which eventuates in the highest degree of permanence in the plant cover, 
and “stabilized” and “unstabilized’’ as descriptive of the degree of adjustment. It seems 
to the authors that the same words may well be used with reference to soil formations, par- 
ticularly in respect to equilibria between vegetation and organic matter. The term “stabil- 
ized’’ as applied to a soil type is practically synonymous with the term “mature.” The term 
“unstabilized,” however, would include all other soils, recent, young, youthful, and immature, 
as well as aged or degraded soil. (See report of committee on Soil Terminology, American 
Soil Survey Association, Bul. 8, p. 74, 1927.) The authors prefer not to use the terms ‘‘ma- 
ture,” etc., in connection with this paper as these terms presuppose recognition of profile 
characteristics which the authors have not found necessary to take into consideration. 
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of well defined types to allow the statement that the HC/N ratio is as reason- 
ably constant for the series as it is for the types, but there are indications in the 
Hall and O’Neill series that such constancy can be expected. 

Within the stabilized group of soils there are some series differences. The 
Waukesha, Hall, O’Neill, and Valentine soils have similar, low HC/N values 
in both the 0 to 6-inch and 7 to 12-inch sections, and the HC/N ratios for 
Grundy silt loam are but slightly higher. The Carrington and Marshall soils 
are strikingly alike in HC/N ratios, but the values are somewhat higher than 
for the types above. The Holdrege soils of central and western Nebraska are 
unlike enough in HC/N values to belong to different series. ‘The Rosebud and 
Bridgeport soils differ from the others in having high but fairly constant HC/N 
ratios. The Dawes series, which is found in the same region as the Rosebud 
soils, differs from the latter in having lower HC/N ratios, that is, a higher ni- 
trogen content in both first and second 6-inch sections. 

Within the unstabilized groups of soils, type differences are overshadowed 
by type heterogeneity. Nevertheless the Knox soils contain more nitrogen 
than the Colby, and the Cass soils more nitrogen than the Wabash on an 
equivalent texture basis. 

The homogeneity of the soil type with respect to the distribution of nitrogen 
between the first and second 6-inch sections is shown for Carrington silt loam 
in table 6. Since the hygroscopic coefficient of the second 6 inches of this soil 
is higher in practically every case,on the average 8.8 per cent higher, than that 
of the first 6 inches, it would be logical to expect the proportion of nitrogen 
to be higher also. Hence the distribution of nitrogen is shown in two ways, 
by direct calculation (column 3), and corrected for texture (column 4). The 
latter is, of course, simply the HC/N ratio of the 7 to 12-inch section divided 
by the HC/N ratio of the 0 to 6-inch section. 

The same degree of homogeniety of the type is exhibited in respect to the 
distribution of nitrogen between the first and second 6 inches as is exhibited 
by the type itself in nitrogen content. On the average the second 6 inches of 
Carrington silt loam contains 76.2 per cent as much actual nitrogen as the first 
6 inches. The chances are even that this value will be found for any case, 
within +4.0 per cent. Knowing the nitrogen content of the 0 to 6-inch 
section of Carrington silt loam, one could estimate the nitrogen content of the 
7 to 12-inch section within + 0.010 per cent in 50 out of 100 cases. At the 
widest the error in calculated nitrogen would be only 0.041 per cent. When 
corrected for texture, the nitrogen content of the second 6-inch section is 70.3 
per cent of that in the first 6-inch section. The probable error of any single 
variant is practically the same as by the direct method of calculation. 

Table 7 shows the ratio of the actual nitrogen in the 7 to 12-inch section to 
that in the 0 to 6-inch section expressed as percentage for various Nebraska 
soil types. The variability in nitrogen distribution between the first and sec- 
ond 6 inches appears to be even less among types, than among fields within a 
typical stabilized type, such as is illustrated in table 7. On the average, the 
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second 6 inches of virgin prairie soil contains two-thirds as much nitrogen as 
the first 6 inches. A few types, particularly those of the O’Neill, and Lamoure 
series, seem to be characterized by having in the second 6 inches a relatively 
low content of nitrogen as compared with the first 6 inches. Knox silt loam, 


TABLE 7 


Relative nitrogen content of the second 6-inch section of Nebraska soil type expressed as percentage 
of that found in the first 6-inch section 


7-12-IncH N 
0-6-mncH N 
xX 100 


SERIES AND TYPE DESCRIPTION 


Eastern and Central Nebraska 


Glacial upland 

Unstabilized loessial upland 
Loess plains 

Terrace 

Stabilized loessial upland 
Unstabilized bottom land 
Loess plains 

Glacial upland 

Unstabilized bottom land 
Terrace 

Sand hills 

Unstabilized loessial upland 
Terrace 

Unstabilized bottom land 


Carrington silt loam 
Knox silt loam 
Holdrege silt loam 
Waukesha silt loam 
Marshall silt loam 


— 


NADP OHEWOARAWN 


Colby types 
O’Neill types 
Lamoure types 


Western Nebraska 


Bridgeport very fine sandy loam...| Terrace 78.0 


Tripp very fine sandy loam 
Holdrege silt loam 
Rosebud types 

Dawes loam 


Terrace 

Loess plains 
Residual upland 
Residual upland 


69.7 
67.5 
63.4 
59.6 


Average 67.6 


Average of all 6 66.9 


an outstanding unstabilized soil type usually characterized by its shallow 
surface soil, carries proportionally as much of its total surface-foot nitrogen 
in the second 6 inches as does Marshall or Carrington silt loams, both of which 
are noted for their deep surface soils. 

Some of the western Nebraska soils, like the Bridgeport and Tripp, com- 
monly thought of as having thin surface layers seem to carry an unexpectedly 
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high proportion of their nitrogen in the second 6 inches. The three samples 
of the Dawes, a series which is considered to have a deep surface layer, actually 
carry a slightly lower proportion of nitrogen in the second 6 inches than does 
the average Rosebud soil commonly thought of as having a shallow surface 
layer. 


- 
~. 


In the 147 pairs of samples shown in tables 3 and 5 only one case occurs 
where the nitrogen content of the second 6-inch section exceeds that of the 


JZ — 


§ 2 


FLRCLINNT =NITROGEIV 
~ 
an 
S 


6 INCH SAMPLES 


© o- 
A 7-12 INEM SAMMES 


| | 
6 9 /2 15 


HYGROSCOPIC COEFFICIENT 
Fic. 2. THE RELATION OF NITROGEN CONTENT TO HyGroscopic COEFFICIENT (TEXTURE) 
ror 73 Sets or 0 To 6-INcH AND 7 TO 12-INCH SAMPLES REPRESENTING 
7 COMPARABLE EASTERN NEBRASKA SOIL SERIES 


first. This is in Knox silt loam which has been described as possessing de- 
structional features. In the experience of the authors (14) with virgin prairie 
soils a higher nitrogen content is never found in a lower layer than in layers 
above, except in cases of buried soils or where silting by wind or water has 
occurred comparatively recently. 


FACTORS AFFECTING NITROGEN CONTENT 
Texture 


The relation of nitrogen content to texture has already been briefly dis- 
cussed, and the assumption has been made that the relation to the hygroscopic 
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TABLE 8 
Relation of nitrogen content to texture in stabilized virgin eastern Nebraska upland and 
terrace soil types 


HYGRO- 
J 9 
bee SCOPIC 


SERIES OF NITROGEN 


e COEFFI- 
SAMPLES CIENT 


per cent 


0-6-inch sections 


Carrington* Silt loam 
Marshall* Silt loam 
Carringtont Silt loam 
Marshallt Silt loam 
Waukeshat Silt loam 

Silt loam 

Silt loam 

Very fine sandy loam 
Loam 

Loam 

Loam 

Fine sandy loam 
Sandy loam 

Ce Cl | 6 ee Dey 


— 
Nn a 
02 6 
ANWWOAOCNALY 


ans 
EP VIROCON FUW ROA ® ON 


eR dO hte 
OQ 
Mnoonn 


~ 
wW 


Average 


7-12-inch sections 


Carrington* Silt loam 
Marshall* Silt loam 
Carringtont Silt loam 
Marshallt Silt loam 
Waukeshat Silt loam 
Silt loam 


Loam 

Very fine sandy laom 
Silt loam 

Loam 

Loam 

Sandy loam 

Fine sandy loam 


PHF DK KH RP DY W O 


ADEPT Te isiwisct chats winals-eiiies 


~ 
wW 


Average 


* Heavy-textured half of total. 
t Light-textured half of total. 
t Terrace types. 
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coefficient is directly linear to a degree that permits of a correction of textual 
heterogeneity in the soil type, and interpretation of homogeneity in nitrogen 
by means of HC/N ratios. The data presented in tables 3 and 4 seem to 
indicate that this assumption is not unfounded or useless. Other factors in 
addition to texture affect nitrogen content; therefore, in an analysis of the 
strict validity of the above assumption to a wide range of textures it is neces- 
sary to limit one’s study either to soils of a single series or to several series 
which are comparable climatically. Furthermore the soils must be of stabil- 
ized characteristics. As no single series of soils is represented in this study by 
a wide enough range of textures, 7 series have been selected and the nitrogen 
contents of the 73 sets of samples plotted against their hygroscopic coefficients 
as shown in figure 2. The series and types selected are shown in table 8, 
They are all stabilized soils from eastern Nebraska. To obtain sufficient 
variety in texture it has been necessary to include both upland and terrace 
soils. The fact that level plains and terrace soils are somewhat richer in nitro- 
gen than rolling upland soils will confuse only slightly the texture-nitrogen 
correlation in either group. 

The linear relation of nitrogen to hygroscopic coefficient in both the first 
and second 6-inch sections is obvious. The coefficients of correlation of 
nitrogen to hygroscopic coefficient for the entire set of seventy-three 0 to 6- 
and 7 to 12-inch samples are 0.710 +0.039 and 0.690 +0.041, respectively. 
For the two types, Carrington and Marshall silt loams, which are represented 
by adequate numbers for calculation the coefficients of correlation are 0.747 
+0.068 and 0.633 +0.101, respectively, for the 0 to 6-inch, and 0.647 +0.084 
and 0.645 +0.098 for the 7 to 12-inch sections. 


Rainfall 


In an analysis of the correlation of nitrogen content with rainfall it is ob- 
viously necessary to limit comparison to stabilized soils of comparable physio- 
graphic expression and identical texture. In Nebraska, soil texture is gener- 
ally somewhat coarser in the drier western part of the state, and from the list 
of samples in this study it is not possible to select any considerable number 
possessing corresponding hygroscopic coefficients. In 5 comparable upland 
series, however, 76 sets of samples are classified as loams or silt loams and cor- 
rection for texture seems allowable. Of these 5 series the Grundy, Holdrege 
and Rosebud occur in large, fairly uniform areas in sequence from east to west 
over a comparatively level plain, the rainfall decreasing uniformly from 30 
to 16 inches. The Marshall and Carrington occupy a rolling plain to the east 
of the main body of the Grundy, the rainfall of this section varying from 28 
to 32 inches. 

In table 9 are shown the average hygroscopic coefficients, nitrogen contents, 
and HC/N ratios for these soils classified into four groups, which the distri- 
bution of the various samples (fig. 1) appears to permit. With respect to num- 
bers of samples, the eastern and western groups are well represented. The 
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samples of Holdrege silt loam fall logically into two groups, the numbers in each 
appearing small. However, in the central group occurs one, and in the west 
central group two of the Alway-McDole samples, which as previously explained 
are composites of 5 fields each, hence the data for these groups are probably 
more reliable than they appear. The annual precipitation for each type and 


TABLE 9 
The relation of the nitrogen content of stabilized upland virgin Nebraska soils to rainfall 


PRECIPA- 
TION 


AVERAGE 


0-6-INCH 7-12-INCH 0-12-1NCH 


NUMBER OF FIELDS 
SAMPLED 
| Relative 
Per cent 
| Relative 


o 
x 


Marshall silt loam 
Carrington silt loam 
Grundy silt loam 
Weighted average 


N content on basis HC = 10...... 


3 | Holdrege silt loam 


N content on basis HC = 10 


7 | Holdrege silt loam 


N content on basis HC = 10 


Western 


9 | Rosebud silt loam 15.9 9.2/0.162]57. 0.101 
11 | Rosebud loam 16. 8.1/0.145]55. 0.094 


20 | Weighted average : 8.6/0. 153)56. .810.097 


N content on basis HC = 10 ns oa JOLU78) .. | .. JOLOSST .... 10.139 


group has been obtained by averaging for each field sampled the mean annual 
precipitation at the nearest long-time weather station. The average data for 
the different groups have been calculated by weighting each type for the num- 
ber of samples contained, and the average nitrogen contents of each group 
have been reduced to a comparable texture basis of a hygroscopic coefficient of 
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10. The last two columns of the table show the average and the relative 
nitrogen content of the first foot of soil, using eastern Nebraska as 100. 

The actual nitrogen content of the first foot is in very close proportion to the 
average precipitation of each group, but when correction is made for texture, 
western Nebraska soils appear to be relatively richer, and simple proportion- 
ality to rainfall disappears. Figure 3 shows the apparent relation of nitrogen 
content to precipitation on an equivalent texture basis. 
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Fic. 3. RELATION OF THE NITROGEN CONTENT OF STABILIZED UPLAND VIRGIN NEBRASKA 
Som, Types TO MEAN ANNUAL PRECIPITATION 


Each datum shown on the graph is an average of several samples reduced to an equivalent 
texture basis of a hygroscopic coefficient of 10. 


Although the four groups do not by any means furnish enough data to 
establish the exact graphical character of the relation of nitrogen content to 
rainfall, it is apparently a curve. 


EFFECT OF TOPOGRAPHIC EXPRESSION ON NITROGEN CONTENT 


In table 5 it has been observed that soil types and series differ widely in 
nitrogen content when the latter is corrected for texture. Certain soil types 
had low HC/N ratios and others had high HC/N ratios. The data in table 
9 indicate that in part these differences are due to rainfall. In table 10 data 
for climatically comparable soils taken from preceding tables are assembled 
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to show the effect of topography on nitrogen content. Only the HC/N ratios 
and probable errors of single ratios are shown. 

Upland soils and flat terraces have fairly constant and low HC/N ratios; 
stabilized rolling upland soils have constant but somewhat higher HC/N 


TABLE 10 


The effect of topographic expression on nitrogen content as indicated by hygroscopic coefficient- 
nitrogen ratios and probable error, in climatically comparable eastern Nebraska soils 


0-6-INCH SECTION 7-12-INCH SECTION 
NUMBER 


SOIL TYPES SAMPLES 


HC/N + Pe* HC/N | + Pe* 


Flat terraces 


Waukesha silt loam 38.6 
O’Neill sand 35.5 
Hall silt loam 40.8 


Average x4 39.3 


Flat upland 


Grundy silt loam | 10 | 40.9 


Rolling upland 


Carrington silt loam 22 44.2 
Marshall silt loam 16 44.8 


44.5 


Broken land 


Knox silt loam 5 57.4 
Colby types 8 62.3 


59.9 


Flat bottom 


11 3.0 
8.2 


7.4 


*+4 Pe = Probable error of the HC/N ratio of a single sample. 


ratios. Very rolling and broken upland soils have high and variable HC/N 
ratios, particularly in the second 6-inch section. Flat bottom lands on the 
average have low but variable HC/N ratios. The common impression that 
bottom soils are among the most fertile soils is not substantiated, as far as 
nitrogen is concerned, by the data shown in table 10, for the two series Wabash 
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and Cass have no more nitrogen in proportion to texture than flat terrace and 
upland soils. 


SUMMARY AND DISCUSSION 


Texture is the outstanding factor determining nitrogen content in any soil 
type, and all soil types exhibit considerable variation in texture, therefore, 
they exhibit a corresponding variation in nitrogen content. Textural varia- 
tions may be expressed numerically in terms of the hygroscopic coefficient, 
and a calculation of the ratio of hygroscopic coefficient to nitrogen provides a 
means of eliminating the textural effect on the content of the latter in virgin 
prairie soils, and hence makes possible a study of the distribution of nitrogen 
in various series and types. 

When this method of study is employed, some soil types are found to be so 
homogenous in nitrogen content that, given the hygroscopic coefficient and the 
depth to which a sample was taken, the nitrogen content may be calculated 
mathematically to a fair degree of accuracy. Other soil types are decidedly 
heterogenous. The homogenous types appear to be those which are developed 
on gently rolling or nearly flat uplands and terraces. The heterogenous types 
appear to be those with destructional or constructional features, and are found 
in broken lands or on flood plains. 

Nitrogen homogeneity is to be found in both the first and second 6-inch 
sections of soil. At the same time there may be a corresponding degree of 
homogeneity in the relative distribution of nitrogen between these two sections. 

In a series of homogenous types, nitrogen content varies with the rainfall 
and with topography, level types containing nore nitrogen than rolling types 
under the same precipitation, probably because of a difference in the effective- 
ness of rainfall in such cases. 

The relative distribution of nitrogen between the first and second 6-inch 
soil sections differs slightly among the types, but not enough to warrant the 
conclusion that this feature is an outstanding type characteristic in any case. 

The conclusions above may be applied to organic matter as well as to nitro- 
gen, for the two constituents bear a fairly constant ratio to each other both in 
extremes of rainfall and of texture. It must be stressed that these conclusions 
have been based on representative samples of Nebraska types, and apply only 
to virgin grassland soils. It is believed, however, that they may apply in some 
degree to other sections of the grassland region. 

It is pertinent to inquire concerning the application of these conclusions 
to soil classification and mapping. If homogeneity in organic matter and 
nitrogen is a desideratum of the soil type, then the most important thing of all 
to stress is textural uniformity; however, the surveyor has probably already 
approached the practical limit along this line. 

The second point to stress probably is rainfall. Fortunately rainfall alters 
other properties of the soil profile in addition to the manifestations of organic 
matter, and with a better understanding of the way in which these properties 
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are affected should come more accurate series distinction with respect to their 
organic matter differences. Soil color may not be the best criterion of the 
rainfall factor, although in the distinguishing of major soil regions, such as 
Marbut (10) has attempted in the Great Plains, it is probably an adequate aid. 
The actual determination of HC/N ratios would seem to be a good way of 
accurately defining the existence of such broad soil regions, and even of transi- 
tional series. 

From the organic matter standpoint, the distinctions of series on the basis 
of topography, such as have been made in the past by all soil surveyors, seem 
to be well justified. Actual differences in organic matter content seem to 
exist between soils developed on rolling lands, and on level upland plains, or on 
terraces and on flood plains. Flood plain types are apparently heterogenous, 
whereas terrace soils are relatively uniform. In cases of dispute as to whether 
a type should be classified as terrace or bottom,the matter could well besettled 
in the laboratory by means of HC/N ratios. In some cases of differentiation 
of series in rolling uplands, the same test might apply, for some upland soils 
like the Knox silt loam are apparently characterized as definitely by their 
heterogeneity as others like the Marshall silt loam of southeastern Nebraska 
are characterized by their homogeneity. 

The data presented in this paper are not sufficient to support discussion of 
the importance of soil origin or profile features in their relation to organic 
matter content. The similarity in nitrogen content of the loessial Marshall 
to the adjacent glacial Carrington silt loam, or of the level loessial Grundy 
to the terrace Hall and Waukesha silt loams has been noted. In spite of their 
differences in origin the two former and the three latter might well be com- 
bined into two types as far as their organic matter contents alone are concerned. 
Actually the Marshall and Carrington silt loams of southeastern Nebraska are 
very similar in profile features, as are also the Grundy and the Hall silt loam 
of this study. It would be interesting to examine data from a larger number of 
series representing a wider range of source material in order to observe what 
features or origin or profile, if any, are as important as topography and rainfall. 
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The application of the quinhydrone electrode to soil investigations was made 
by Biilmann (4) and by Christensen and Tovborg-Jensen (10) in 1924. This 
method for the determination of pH in soils proved to have several advantages 
over the hydrogen electrode as well as over the colorimetric method; for 
example, in the first case the necessity for coating the electrodes with platinum 
black is removed; and in the second, turbidity in solutions is no longer a factor. 
Because of the speed with which determinations can be made, due to the quick- 
ness of the quinhydrone electrode to attain equilibrium, and to the fact that it 
is not “‘poisoned’’ by soils or affected by nitrates (6, 8), it is rapidly coming into 
general use. Further investigations on methods and accuracy are therefore 
desirable. 

The theory of the quinhydrone electrode has been given by Biilmann (2, 3, 6), 
LaMer and Parsons (22), and by Kolthoff and Furman (21). The solid quin- 
hydrone which is added to the soil-water mixture, dissolves and dissociates into 
equi-molecular quantities of hydroquinone and quinone. From the equation: 
(quinone) 


RT 
x (E.M.F.) = — In 


————————— + .. In (H*) + K 
2F (hydroquinone) F 


the first term is zero when the concentration of quinone is the same as the 
concentration of hydroquinone, and therefore 


RT 
r= We) +E 


If the activity of the ions is disregarded (21, p. 1) K is x (or 7.) when the con- 
centration of the hydrogen ion is 1. 

Biilmann (2), by checking the quinhydrone electrode against a hydrogen 
electrode in solutions of the same H+ concentration, found that at 25°C. 7. = 
0.6990 and at 18°C., 0.7044, the platinum of the quinhydrone electrode being 
positive to the hydrogen electrode. Thus at 18° 


x = 0.0577 log (H+) + 0.7044 


and at 25° 
mw = 0.0591 log (H+) + 0.6990 


1 Contribution from the Department of Chemistry. 
453 


454 NORMAN ASHWELL CLARK AND EMERSON R. COLLINS 


When the quinhydrone electrode has been used in soil determinations, the 
second half cell has been either one of the calomel electrodes or a special half 
cell of 0.01 N HCl and 0.09 N KCl, introduced by Veibel (27). The pH of 
this mixture is 2.03 (6), or of a similar mixture of 0.01 N HCl and 0.09 V 
NaCl, 2.038 (25, p. 24). Biilmann and Tovborg-Jensen prefer this electrode 
to the calomel half cell because it is easily made up and has a comparatively 
high pH value. It has the drawback, however, that a fresh one must be made 
each day. The equation for this (6) is 


pH = 2.03 + 


Tr 
0.0001984T 


Veibel compared it with the normal and 3.5 normal calomel half cells for 
the amount of variation, and found that it could be reproduced without 
greater change than the calomel cells, but that it was not markedly more 
accurate. 

Hissink and Van der Spek (19) use the normal calomel electrode as the 
half cell, whereas Baver (1) favors the saturated calomel cell. Both of these 
have the advantage over Veibel’s cell, that once made up, they will not vary 
for a considerable time. It is necessary, however, to reverse the poles of 
electrodes for some readings, e.g., with the normal calomel electrode as the 
half cell, at 18°. With the half cell instead of the normal hydrogen electrode 
the E.M.F. is 0.2864 too low (11, p. 456), and equation (C) becomes: 


x + 0.2864 = 0.0577 log (H*) + 0.7044 


or pH = 7.24 — a If the pH is greater than 7.24 the E.M.F. is negative; 


if the pH is less than 7.24, the E.M.F. is positive. It is, however, a simple 
matter to place a double switch in the circuit and, when necessary, reverse 
the poles without touching the electrodes. Veibel’s electrode has the ad- 
vantage that the change would occur at 2.03, so that for the soil work the 
potential would rarely alter its sign. 


TEMPERATURE 


There is a considerable amount of confusion with regard to temperature 
corrections. Biilmann and Krarup (5) found that the potential of the quin- 
hydrone electrode, in a 0.1 N hydrochloric acid, against the hydrogen electrode, 
followed the equation: 


x, = 0.7175 — 0.00074t between 0° and 37°C. 


The calculated and determined results fell within 0.4 of a millivolt. This 
equation, however, does not take into account the temperature coefficient of 
a calomel half cell, and where one of these is used, it is not correct to state 
that “the temperature factor as determined in Biilmann’s investigations is 
0.77 millivolts per degree deviation from 25°C.” 
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The temperature coefficient of the whole cell varies with the half cell used. 
Biilmann and Tovborg-Jensen (6) have noted the temperature effects with 
Veibel’s electrode. For the calomel cells corrections may be made as follows: 

Sgrenson and Linderstrgm-Lang (26) give the temperature coefficients 

0.1 N Cal. electrode—N Hyd. electrode 


1.0 N Cal. electrode—N Hyd. electrode 
3.5 N Cal. electrode—N Hyd. electrode 


Kolthoff and Furman (21, p. 141) give the saturated calomel electrode— 

N Hyd. electrode 0.00065. From these figures and the value 0.00074 above, 

the temperature coefficient for the auinhvdrone electrode with the 0.1 NV 

calomel electrode is 0.00006-0.00074 = —0.00068; with the NV calomel elec- 

trode —0.00050; with the 3.5 N —0.00035; and with the saturated —0.00009. 
From equation (F) at 18°C.: 


x + 0.2864 = 0.0577 log (H+) + 0.7044 for the quinhydrone 


compared to the normal calomel electrode 


0.4180 — r 


or PH = ~ 0577 


With the temperature coefficient —0.00050, as shown above, Kolthoff (20). 
gives the formula 


0.4181 — 0.00050 (¢ — 18) — x 
0.0577 + 0.0002 (¢ — 18) 


pH = 


This is the formula used by Hissink (19). It can be checked for 25°C. 
by using formula (D) with the value 0.2848 (11, p. 456) added to 7; the 
agreement is good. 

For the saturated calomel and the normal hydrogen electrodes at 18° the 
value is 0.2506 (11, p. 456). Ewing (15) prefers 0.2504. In the same way 
as before at 18°C.: 


0.4538 — 0.00009 (¢ — 18) — x 
0.0577 + 0.0002 (¢ — 18) 


pH 


0.4532 - 3 

0.0591 — 

Equation (D) is used to check this, with the value 0.2464 (11) for the 
saturated calomel electrode. At 25°, 


Calculated from this at 25°, pH = 


(0.6990 — 0.2464) — x 0.4526 — x 


pH = 
0.0591 0.0591 


This is fair agreement: the pH values differ only from 0.01 to 0.02. 
From equation (I) a table can be made for the pH at 25°, or Baver’s table 
(1) can be used. Baver’s figures are slightly higher than those from equation 
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(I), but agree within 0.04 pH. By the use of figure 1 the amount of change 
in the pH for temperatures between 20° and 30° can be obtained directly for 
any given x. Corrections are added to the calculated pH if the temperature 
is below 25°, and subtracted if the temperature is higher. For example, if + 
is + 0.0313, from equation (I) the pH is 7.13 (Baver’s table gives 7.15); but if 
the temperature of the experiment was 29°C., the corrected pH is 7.03, as the 
graph gives a correction of 0.10 pH at 29°, when x = 0.313. It will be seen 
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Fic. 1. pH Corrections AT TEMPERATURES OF 20° TO 30°C. FOR VARYING VALUES OF + 


that the temperature corrections are more important on the alkaline side. 
The following formula may also be used instead of the tables and graph: 
0.4526 — 0.00009 (t — 25) — x 


| EET GET T ) 
P 0.0591 + 0.0002 (t — 25) J 


Dawson (14) by taking the average value per degree (0.0006) of the Michaelis 
figures (11, p. 200), obtains 0.00014 for the temperature coefficient of the 
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quinhydrone and the saturated calomel electrodes. Kolthoff and Furman (21) 
give the value 0.00065 per degree, which give 0.00009 for the coefficient. 
This seems to be more nearly correct, as the value is 0.00085 for the normal 
hydrogen electrode (26) and 0.00020 for the saturated calomel electrode (16, 
15); this, however, would make only a small alteration in Dawson’s table. 


EXPERIMENTAL 


In the experiments following, the quinhydrone electrode was prepared as 
described by Biilmann (3). The saturated KCl calomel half cell was used 
as the standard electrode. Connection was made by an agar bridge dipping 
into a closed solution of saturated KCl, in order to prevent diffusion and to 
keep down junction potentials. 

The use of the KCl bridge with 5 per cent agar as suggested by Biilmann 
and Tovborg-Jensen (6) was found more satisfactory and caused less “drifting” 
of readings than bridges with a smaller percentage. Five grams of agar were 
placed in 100 cc. of the saturated KCl and the whole was weighed. The 
mixture was then boiled until the agar dissolved (heating below boiling pro- 
duced very slow solution) and made up to the original weight with water. 
This prevented crystallization on cooling. It was found better to bring 
the solution almost to the solidification temperature before filling the tube 
by suction, in order to prevent contraction and the consequent drawing 
away from the sides of the tube. This contraction was further hindered by 
etching the inside of the glass tube with hydrofluoric acid containing a small 
amount of ammonium chloride, especially where much strain was put on the 
bridge, e.g., when it was being pushed into a thick soil suspension. 

The electrode used for the soil suspensions with the quinhydrone was of 
flattened platinum wire. This was rather more durable than the usuai flag 
when thrust into settled soil, particularly in the case of sand, and was much 
more convenient where stirring by motor was used to keep the soil in sus- 
pension. 

Three types of soil were compared: a sandy soil, 13A, from the Miami series; 
a loam, 25A, from the Carrington, and a slightly heavier loam, 40A, from 
the low-lying soils of the Wabash series. Conductivity water (the laboratory 
distilled water redistilled over alkaline permanganate) was used in all cases. 

The problems relating to the pH of a soil obtained by means of the quin- 
hydrone electrode have been divided into two classes: first, preparation of 
the soil, e.g., soil water ratio, shaking, equilibrium; and second, measurement 
of the pH. The ratio of soil to water has not yet been standardized, some 
investigators have used 1:5 as with the hydrogen electrode (8), but there are 
reports (1) to show that a ratio of 1 soil to 5 water with the hydrogen electrode 
gives a pH value very close to the figures obtained with the quinhydrone 
electrode when the ratio is 1:1. A uniform method would prove valuable 
even though it had to be altered for special cases, e.g., for peat soils which 
would not give a suspension with an equal weight of water. 
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Biilmann and Tovborg-Jensen point out that an equilibrium between the 
soil and the water is desired, and that this is attained most rapidly if small 
amounts of water are used, they therefore advise a 1:1 ratio and recommend 
that the electrode should not be placed in the supernatant liquid, but lowered 
until entirely surrounded by soil, because the water nearest to the soil should 
come to equilibrium most quickly. They also suggest that if the substances 
causing the pH are more or less insoluble, there will be a saturated solution 
of these at both 1:1 and 1:5 ratios. but if they are fairly soluble, the solution 
at 1:1 may be much more concentrated than at 1:5. The pH would be 
altered by the increase of water with the more soluble but not with the com- 
paratively insoluble substances. 

Biilmann and Tovborg-Jensen further draw attention to the fact that the 
quinhydrone attains equilibrium instantaneously, so that if successive meas- 
urements show “drift,” then either equilibrium between soil and water 
is not attained, or absorption of a component of the quinhydrone has taken 
place. In the second case a measurement immediately after mixing would 
be more nearly correct. In their experiments they found that the paste quickly 


TABLE 1 
Equilibrium reaction of three soils 


som 40A 


sort 25A 


soIL 13A 


$ minute | 10 minutes 


4 minute 


10 minutes 


4 minute 


10 minutes 


oH 
5.74 
5.97 


oH 
5.71 
5.95 


2H 
3.9! 
5.86 


?H 
FS 
3.79 


PH 
5.89 
6.26 


2H 
6.23 
6.36 


attained the final value, and that usually no drift occurred at dilutions of 
1:1 up to 1:10. They concluded that after shaking for a few seconds and 
measuring with the electrode submerged, the equilibrium reaction is measured. 
The method that was recommended, therefore, is to shake for a few seconds 
with a ratio of 1:1, stand half a minute for the soil to settle, and measure the 
pH with the electrode in the settled soil. 

This method was checked by the writers in the three soils mentioned, and the 
results are shown in table 1. Each figure is the average of three measurements 
which agree closely. 

Soils 40A and 25A show no drift at 1:1 ratio. The soil should then be at 
equilibrium with the water in the paste, and no adsorption is indicated. The 
sandy soil, 13A, showed drift at both 1:1 and 1:5 ratios, indicating either no 
equilibrium or adsorption of one of the compounds of the quinhydrone. In 
all cases, with an increase of water, there is a change of pH, pointing to sol- 
uble substances which affect the acidity. If this suggestion is correct, in- 
creasing dilution should give a continual change of pH in the same direction, 
up to a maximum or minimum, when the pH would move towards the pH of 
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the water used. Hissink and van der Spek (19) show very clearly that this 
turning point is reached in some soils. 


EQUILIBRIUM SOIL: WATER 


In order to test this equilibrium between soil and water, the three soils 40A, 
25A, and 13A were treated as follows: 


1. Shaking a few seconds, settling } minute and 10 minutes—electrode in paste. 

2. Stirring with motor. A small stirrer at the bottom of the wide-mouth test tube, 
arranged to give a slight upward throw. Measurement taken while stirring; electrode in 
suspension. 


TABLE 2 
Results of test of equilibrium between soil and water, on three soils 


RATIO 1:1 RATIO 1:5 


. Shake 2-3 seconds stand } minute.......... 
Shake 2-3 seconds stand 10 minutes........ 


. Stir with motor—just to mix 
Stir with motor—} hour..................: 
Stir with motor—3 hours 


. Rotating 2 hours 
Rotating 6 hours 
Rotating 20 hours 
Rotating 24 hours 
Rotating 36 hours 


pe MCOUOIA TOROS) AMOR 56 o:0:31660 v.65 0100 0e'nie 


* Alkaline. 


3. Rotating machine. Soil and water rotated over and over, with speed slow enough to 
let mixture fall from one end of container to the other. Settle—electrode in paste. 

4. Colloid Mill. The soil-water mixture passed through a colloid mill, cone type, with 
clearances from 0.07 to 0.002 inch. The particles did not settle out for a long time on stand- 
ing—electrode in suspension. 


The results show that there is no definite soil-water equilibrium in these 
soils, even in the 1:1 ratio. With 40A and 25A, which did not change when 
shaken a few seconds and allowed to stand 10 minutes, there is a progressive 
change toward the alkaline side on stirring or rotating, and a very decided rise 
in the pH value when sent through the colloid mill. The sandy soil, 13A, 
which showed a drift in the 10 minutes, did not change much by rotation at 
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1:1 ratio, but it also showed alkalinity through the colloid mill, and the finer 
the grinding the more alkaline the suspension became. 

These figures are in accord with Fisher’s suggestion (17) of a difference 
between the composition of the inside of the particle and the outside. Brown 
and Johnson (7) found indications of this when measuring the lime require- 
ments of Iowa soils, while Cook (13), with New Jersey soils, obtained more 
acidity by grinding, indicating a more acid center of the soil particle. 


FILTRATES AND SUSPENSIONS 


Differences in the pH of the supernatant liquid, the paste and the suspen- 
sion, emphasize the variations which may be expected in filtrates or centrif- 
ugates of soil suspensions. Carlton (9), working with 50 centrifuged extracts, 
found a difference in 16 soils ranging from 0.55 pH to 0.10. Similarly Gillespie 
and Hurst (18) found many differences when comparing the colorimetric pH 
of the centrifuged extracts with the suspensions electrometrically determined. 


TABLE 3 
Results of a comparison of filtrates with suspensions for various treatments of soils 


| 
| FILTRATES SUCCESSIVE 10-CC. PORTIONS 
SUSPEN- 


| — . 
TREATMENT—RATIO 1:5 s10N 


1 2 


oH oH 
Rotation 24 hours ‘Ss 6.95 | 7.13 
Rotation 24 hours 6.82 7-51: 7:56 
Stir 4 hour : 6.78 | 6.76 
Stir 3 hours 6:26 17:38 7.32 ; Aca |e ae 
Colloid Mill : 5.88 | 6.67 .05 : 6.78 | 7.22 


Pierre (23), who prefers filtering to centrifuging, obtained fairly good agree- 
ment between the pH of the soil suspension and the filtered extract. Heuseda 
method of filtration with suction and washed filter papers, designed by Truog, 
and he considers that the differences usually found may be due to the effect of 
the CO, in the air on the little buffered filtrate. Sharp and Hoagland (24) 
with a CO, content of 10 per cent introduced into the electrode vessel, found 
small effect on any except alkali soils. 

The larger part of these comparisons have been with colorimetric deter- 
minations and the hydrogen electrode. They are open to a number of objec- 
tions mentioned by Pierre (23), but with the quinhydrone electrode the 
difficulties disappear. The figures in table 3 show some of the results of 
comparing filtrates with suspensions for various treatments of the soils. The 
Truog filtration method was used as described by Pierre. Each 10 cc. of the 
filtrate was tested for the pH; only a small amount of suction was used except 
on the last of the filtrate, when the soil was sucked dry. 

The figures show that with these treatments there is a considerably larger 
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difference between the filtrates and the suspensions than has been generally 
recorded. The variation in the successive portions of the filtrates is also 
marked. 

In the soils used, the differences in the pH of the supernatant liquid and _ the 
paste became greater as the soil was made finer. If a soil-water mixture 1:5 
is passed several times through the colloid mill and allowed to settle without 
stoppering, the suspension should be in equilibrium with air. A settling 
tube was prepared 9 feet long, with outlets every foot, so that samples at 
various heights could be drawn off. Table 4 shows a large increase in the 
pH value at the lower levels. 

These differences can possibly be explained by the Donnan equilibrium—if 
two solutions are separated by a membrane, and there is a non-diffusible ion 
on one side, the concentration of the diffusible ion is greater on the side of the 
non-diffusible ion. No membrane is actually required, however, as long as an 


TABLE 4 
Soil pH values at different levels of settling tube 


13A 25A 
pH oH pH 
: Alkaline | 
SuaReN BION a <1b os ewes taste 1.39 >8.5 f 7.42 
ANOTANANG eis. <5 co)nsc'o oo, 8 0 Sinteleleiays ois 6.83 6.64 6.55 
Liquid above pastes... sca icice. siie ee 6.84 6.61 6.51 
Alkaline 
DNC IAIN EY ic oS: s135 ow cc) sPalo 5,5 005 sie nis 8.25 385 7.60 
‘ Alkaline Alkaline 
NTSC OF ABO io. os.n 5.55.8 :4% spcseeieaes 58.5 38.5 CAs 
BGItOMAOl Paste ois.s cies cis 0s Siatere acne Alkaline Alkaline 1.59 


ionized part of the system is unable to diffuse. Comber (12) has pointed out 
that when a soil is treated with acid, certain non-diffusible (or slowly diffusible) 
ions, chiefly aluminum, come into solution. When the soil settles, these 
produce the Donnan equilibrium, the aluminum accumulates in the pore 
spaces and causes a lower concentration of the anion in the supernatant liquid. 
Similarly, soils treated with alkalis cause various slowly diffusible anions 
(e.g., silicates, aluminates) to be held in the pore spaces, and these produce lower 
cation concentration in the supernatant liquid. Hydrolysis of alkaline particles 
could cause the same phenomenon and would account for lower acidity in the 
paste. 

If there is no equilibrium in the paste between the soil and the water, or at 
most a semi-stable equilibrium, the method adopted for the measurement of 
the pH must be empirical, but at the same time should give a reproducible 
value, characteristic of the particular soil. As there is a distinct difference 
in the pH values of the supenatant liquid and the paste, the mixture kept in 
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suspension might be expected to be more representative of the soil. When 
the particles were brought into motion by stirring and the electrode was 
placed in the suspension, the readings either did not change from the simple 
shaking method (as in soil 40A, table 1) or more often the E.M.F. altered 
but failed to remain approximately constant. This did not hold out ad- 
vantages over the electrode in the paste. 

The stirring was applied in another manner, and one which prove more 
satisfactory. The soil sample was placed in the wide-mouth test tube and 
stirred for 3 minute; this mixed the water thoroughly with the soil without a 
grinding effect. The quinhydrone was then added to the mixture, which was 
shaken for a few seconds and allowed to stand for a half a minute as outlined. 
The electrode was placed in the paste. This method gave results varying 
slightly from the simple shaking and settling, but they were reproducible. 
Over 1000 measurements were taken on a number os soils with very different 
treatments, and in only a few cases the electrode failed to attain a com- 
paratively constant E.M.F. In these measurements the agar bridge was 
placed near the electrode in the paste; there is sometimes a slight difference in 
the potential if the bridge is in the supernatant liquid. 


SUMMARY 


Further investigations have been made in the application of the quin- 
hydrone electrode to the measurement of pH in soils. 


1. Temperature corrections have been worked out for the quinhydrone electrode with the 
saturated KC] calomel half cell. 

2. Biilmann and Tovborg-Jensen’s method—mixing the soil and water by shaking for a 
few seconds—has been compared with stirring by motor, by rotary shaker, and by passing 
through a colloid mill, in order to investigate the equilibrium of the soil-water mixture. 
No definite equilibrium was found on the soils used. 

3. By the use of a long settling tube, it was found that soil passed through the colloid 
mill increased the differences between the supernatant liquid and the settled soil. The 
Donnan equilibrium may account for the variation between the pH of the soil suspension, 
the supernatant liquid, and the paste. It is pointed out that there is still the question as 
to which of these should be measured for the soil reaction. 

4. Reproducible values have been found by stirring the soil with water, using a 1:1 ratio, 
followed by the few seconds shaking and settling for a half minute, as described by Biilmann 
and Tovborg-Jensen. 
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When a soluble phosphate such as monocalcium phosphate is added to a soil, 
it is well known that it is at once completely and permanently fixed. It is 
not appreciably affected by percolating water, and such solvents as nitric and 
citric acids will remove only relatively small percentages of the amount added. 
These facts have led to the assumption that phosphorus is held in the soil in 
one of two ways: first, it is retained as the insoluble phosphates of some of the 
soil bases, second, it is absorbed by the absorbing complex of the soil. 

As early as 1878 Van Bemmelen (13) found that a soil, freed from ex- 
changeable bases by leaching with acid, would no longer absorb phosphorus. 
Later, Rostworowski and Wiegner (10) removed all of the exchangeable di- 
valent bases from a permutite by leaching with potassium chloride and 
found that the material lacked the power of retaining phosphorus. Russell 
and Prescott (11) studied the rate of extraction of phosphorus from soils, using 
nitric and citric acids, and then determined the rate of reabsorption. They 
found that the amount absorbed was proportional to the concentration of the 
anion. They also found that a number of other anions showed the same 
tendencies, if they were taken up at all. Comber (3) repeated some of the 
experiments of Russell and Prescott and found that, after the soil was leached 
with half normal hydrochloric acid until all of the calcium was removed, it 
would not take up the oxalate ion. He then concluded that the only way an 
anion could be removed from solution by a soil was by precipitation as an in- 
soluble salt. He found, however, an appreciable absorption of phosphorus 
in nitric acid solution, even with this acid-washed clay. The absorption was 
greatest in the presence of 0.01 N nitric acid and less in either more acid or 
more basic solutions. 

Gordon and his associates (5, 6, 12, 14) studied the absorptive properties 
of pure gels of alumina and iron oxide and the hydrosol and hydrogel of silica, 
and found that the absorption was greatest in the more acid regions. Silica 


1 Part of a thesis submitted to the graduate school of the University of Missouri in partial 
fulfillment of the requirements for the degree of Master of Arts, August, 1927. 
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Professor M. F. Miller, chairman of the department of soils, for critically reading the manu- 
script. 
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absorbed very little, whereas the iron colloid took up as much as 380 mgm. of 
P.O; per gram of colloid. 

The facts derived from a study of the literature show that although there 
is a probable precipitation of insoluble phosphates in the soil, there is also 
good evidence of an absorption of phosphorus. The nature of the exchange- 
able bases and the hydrogen-ion concentration seem to be the important 
factors influencing the process, and it is probable that with a proper adjustment 
of these, both forms of retention may be illustrated. 
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Fic. 1. TrTRaATION OF ELECTRODIALYZED COLLOMAL CLAY WITH SODIUM AND 
Catcrom HypROxIDES 


In this investigation the amount of phosphorus absorbed by electrodialyzed 
colloidal clay was determined. This clay is a very pure colloidal material from 
which the exchangeable bases have been removed by electrodialysis between 
parchment membranes and which in its final condition, contains hydrogen as 
its only exchangeable cation. It provides an excellent chance to study the 
absorption of phosphorus, because of the ease of regulation of the hydrogen-ion 
concentration, the exchangeable base, and the concentration of the anion— 
factors which heretofore may have caused many of the conflicting results. 


RETENTION OF PHOSPHORUS BY SOIL COLLOIDS 


EXPERIMENTAL 


The material used in this research was supplied from a stock solution of the 
natural clay prepared from Putnam silt loam subsoil by the centrifugal method 
of Bradfield (1). It was electrodialyzed until free from exchangeable bases, 
resuspended, and standardized by means of a picnometer as well as by the 
oven-dry weight of a measured sample. This solution was used in the experi- 
mental work. 
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Fic. 2. TITRATION OF ELECTRODIALYZED Cray + 10 cc. PHospHoric Aci (0.9896 WN) 
WITH Soprum HypRoxweE (0.2 N) 


A number of titration curves were run to ascertain the approximate amounts 
of base to be added to produce definite pH values and also to give an indication 
of the rapidity of the reaction between the phosphorus and the clay. The 
curves of the clay alone are given in figure 1, and those of the clay mixed with 
phosphoric acid are given in figure 2. Using the values obtained from these 
curves, the experimental series were made up. The first was prepared as 


follows: 


50 cc. clay sol = 1 gm. oven-dry clay 

50 cc. sodium chloride (1.0 V) ee 
10 cc. phosphoric acid = 101.9 mgm. P i‘ 
Sodium hydroxide (0.1780 NV) and water 
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The sodium chloride was added as a flocculating agent. The whole was 
made to 250 cc. in a graduated flask, thoroughly mixed, and transferred to a 
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Fic. 3. ABSORPTION OF PHOSPHORUS BY ELECTRODIALYZED COLLOIDAL CLAY IN THE 
PRESENCE OF SopiuM AND CALCIUM 


300-cc. erlenmeyer for storage. After standing 10 days with occasional shak- 
ing, portions of the supernatant liquid were removed for analysis. In case of 
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necessity the samples were centrifuged to compact the clay, after which little 
difficulty was experienced in securing enough liquid for an aliquot. The pH 
determinations were made immediately afterward by the use of a hydrogen 
electrode that had been checked against a standard phthalate buffer. The 
phosphorus was determined according to the method of Jorgensen (7), after 
the silica had been removed by dehydrating with nitric acid, which also 
removed the organic matter. The curve of the absorption is given in figure 3. 
This study revealed that: 


1. The reaction between the phosphorus and the clay was practically instantaneous, as 
shown by the titration curves (fig. 2). 

2. A curve drawn through the experimental points showed a maximum absorption at pH 3 
to 4, with a rapid decrease on either side of this point and practically no absorption above 
pH 9.0. . 

3. The absorption by 1 gm. of clay was hardly enough to give conclusive results. 


With these facts in mind, especially the latter, another series was made up 
which contained the following: 


97.8 cc. of clay sol = 3 gm. of oven-dry clay 
15 cc. sodium nitrate (5.0 V) 

10 cc. phosphoric acid = 101.9 mgm. P 
Sodium hydroxide (0.1780 NV) and water } 


= 250 cc. 


This series was handled similarly to the previous one except for a few minor 


details. The sodium nitrate was used as a flocculant instead of the sodium 
chloride to eliminate any error that the presence of the chloride ion might cause 
in the phosphorus determination. Two drops of toluol were added to prevent 
biological activity, after which the stoppers were securely inserted and coated 
with paraffin to insure against carbonate formation. The flasks were allowed 
to stand 5 days with occasional shaking, when aliquot portions were removed 
and the determinations made as usual. The absorption curve given in figure 
3 shows marked coincidental tendencies with the first curve. 

With the calcium series, a little different procedure was necessary. As only 
part of the phosphorus remained in solution above pH 5.5, it was necessary to 
ascertain the exact amounts present in solution at different pH values. This 
was done by running a series containing only calcium hydroxide and phos- 
phoric acid. To keep the volume of the materials at a minimum a 0.2 normal 
solution of calcium hydroxide was prepared by dissolving calcium oxide in a 
20 per cent sucrose solution. Then, because of the large amount of organic 
matter added in this solution, before the phosphorus determinations could be 
run, it was necessary to evaporate repeatedly with concentrated nitric acid to 
remove it. Usually three 50-cc. additions were sufficient to give a white resi- 
due. The curve showing the amount of the added phosphorus present in 
solution at the different pH values, is given in figure 4. 

It was assumed that the presence of the clay had little effect on the solu- 
bility of the phosphate ion and that the difference between the amounts of 
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phosphorus in solution with calcium alone and that found in the supernatant 
liquid over the clay would represent the amount absorbed. This is a safe 
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Fic. 4. AMOUNT oF PHosPHoRUS IN SOLUTION WITH CALCIUM, WITH CALCIUM AND CLAY, 
AND THE ABSORPTION OF PHOSPHORUS BY CALCIUM CLAY 


assumption because in all cases there is a large excess of calcium present, al- 
lowing the phosphorus-calcium system to act as if alone, and thus probably 
not changing the amount of soluble phosphorus present. 


RETENTION OF PHOSPHORUS BY SOIL COLLOIDS 


The calcium clay series was then made up as follows: 


97.8 cc. of clay sol = 3 gm. of oven-dry clay 
10 cc. phosphoric acid = 101.9 mgm. P = 250 cc. 
Calcium hydroxide (0.1930 NV) and water 


This series was prepared and stored in a similar manner to those above 
except that it was allowed to stand 10 days instead of 5. 

The three absorption curves given in figure 3 all show similar tendencies. 
The absorption by the calcium clay is about 50 per cent more than that by the 
sodium clay at the point of maximum absorption, but the difference between 
the sodium curves is slight. In all cases the absorption grades off sharply on 
either side of the maximum. 

In the case of the sodium series there was a marked coloration of the super- 
natant liquid above pH 7.0, suggesting the presence of dissolved organic matter, 
which also produced a pronounced darkening of the clay itself. With the 
calcium series there was no such coloration, as the organic matter was insoluble 
in the calcium hydroxide. It was also observed that the volume of the floc- 
culated clay was much less with the calcium than with the sodium. 


DISCUSSION OF RESULTS 


The data show that there is an appreciable absorption of phosphorus apart 
from that which may be held in the form of insoluble phosphates. The pos- 
sibility of the formation of iron and aluminum phosphates is eliminated when 
it is remembered that where the maximum absorption occurs, the salts of these 
metals are practically all soluble, as shown by the work of Magistad (8). If 
the absorption were due to the precipitation of the phosphorus as phosphates 
of these metals, one would expect the absorption curve to be the inverse of the 
solubility curve of these phosphates. This is not true. The possibility of the 
formation of the phosphates of calcium is precluded because only the soluble 
portion of the added phosphorus was considered in calculating the amount of 
absorption. 

When Comber (3) repeated the experiments of Russell and Prescott (11) 
he found the absorption to vary with the acidity in much the same manner as 
found in this investigation. Unfortunately, the pH values are not given, 
so the results are not strictly comparable, but one is led to believe that when 
the hydrogen-ion concentration is properly adjusted, phosphorus will be 
absorbed by soil whether calcium is present or not. 

That the absorption of phosphorus may be shown to be a stoichiometric 
reaction in much the same way as base exchange seems to be altogether pos- 
sible from the results of this study. The fact that the curves all rise and fall 
in the same regions, have maxima at the same hydrogen-ion concentrations, 
and show a general marked diminution of absorption at the higher pH values, 
seems to indicate that there is a specific reaction, the intensity of which is more 
markedly influenced by the cation and the hydrogen-ion concentration than 
by the concentration of the anion. 
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In figure 5 are given the absorption curves of phosphorus and sodium, the 
divergent nature of which seems to indicate that we are dealing with an 
amphoteric substance. This is believed to be a possibility in spite of the fact 
that Bradfield (1) found it impossible to reverse the charge on the clay parti- 
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Fic. 5. Curves SHOWING THE ABSORPTION OF PHOSPHORUS AND SODIUM BY 
ELECTRODIALYZED COLLOIDAL CLAY 


cles by simply changing the hydrogen-ion concentration. It is possible that, 
although the major part of the clay is not amphoteric, it may contain a small 
percentage of some substance that is an ampholyte, and that this may be re- 


sponsible for the absorption. 
It is possible that the organic matter may be the active constituent in this 
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process, in view of the fact that it may show amphoteric properties. Peterson 
(9) has shown that as much as 50 per cent of the phosphorus of the soil may be 
liberated by treating the soil with hydrogen peroxide to oxidize the organic 
matter. If the organic fraction is responsible for some or all of the absorption, 
in the alkaline regions where it is soluble, the absorption should be less. The 
curve of the sodium clay (fig. 3) seems to bear this out. 


SUMMARY 


1. Electrodialyzed colloidal clay in the presence of calcium and sodium as 
cations, and at different pH values, absorbed a maximum of phosphorus at a 
pH of 3 to4. The calcium clay absorbed one and one-half times the amount 
taken up by the sodium clay at this point. Above pH 9.0 there was no 
appreciable absorption. 

2. The absorption per gram was practically the same whether one or three 
grams of sodium clay was present in the same concentration of phosphorus. 

3. The maximum absorption occurred in the same region of pH where the 
iron and aluminum were most soluble, thus eliminating their responsibility in 
the absorption. It was not due to the formation of insoluble calcium salts 
because the soluble phosphorus only was considered. 

4. The decrease in absorption by the sodium clay was accompanied by solu- 
tion of the organic matter. This indicates the possibility of retention by the 
organic fraction. 
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Rate per acre is of especial importance when either burnt or hydrated lime 
isused. Mooers (5) has recently reported the effect of a single moderate liming 
upon nitrogen economy during a 12-year period, and the further effect of a 
repetition, as measured by the changes induced during the succeeding 8 years, 
in a series of twenty 7y-acre plots. Slipher (6) has reviewed certain experi- 
ments which dealt with the response from light applications of lime, but no 
long-continued experiments are available to show the response to be expected 
from either single, or replicated, fractions of the usual 1-ton application. 

Although economic increase in plant growth is the ultimate measure of the 
benefit from liming, it is important to determine both the initial and continuous 
effects resultant from different moderate additions. This paper presents such 
findings, from four rates of liming, as measured by the outgo of biological 
end-products and the conservation of the added alkali-earth, with the added 
factor of influence of zone of incorporation. 


EXPERIMENTAL 


The investigation covered the period between May 1, 1921,and May 1, 1925.! 
The successive annual precipitations were 51.7, 54.62, 45.56, and 39.71 inches. 
The fallow tanks comprised a group in a battery which has been described and 
illustrated as a whole (4). Details of treatment, and method of preparing and 
placing the soil were also given. Hydrated lime was incorporated at four 
rates—250, 500, 1000, and 2000 pounds of CaO per 2,000,000 pounds of soil, 
moisture-free basis, or CaCO ;-equivalent additions of 446, 893, 1785, and 3570 
pounds, respectively. Previously reported plat studies with this fairly fertile 
brown loam (5) showed that the maximum of the four rates—2000 pounds of 
CaO—may be considered as an economic addition for certain crops. 

Two tanks received lime at each rate. In one series the incorporations were 
made in the upper half, or zone, only, whereas in another series they were made 
solely in the lower zone. Periodic leachings from the full depth of soil were 


1 The analyses of 1921-23 were made by Mr. H. Stanford, those of 1923-24 by Mr. T.D. 
Harden, and those of 1924-25 by Dr. R. M. Barnette. Each of these gentlemen was a some- 
time fellowship assistant, through provision made by the National Lime Association. 
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collected for both series. From previous related work with the same soil, it 
was known that practically complete absorption of the maximum incorporation 
occurred within 10 days (1). The soil may, therefore, be considered as having 
registered the increases in outgo due to 250 pounds, 500 pounds, 1000 pounds, 


TABLE 1 
Total calcium, magnesium, and calcium-magnesium leached during a 4-year period from 250-,500-s 
1000-, and 2000-pound CaO incorporations in the surface zone and subsurface zone of a loam 
soil—terms CaCO equivalence per 2,000,000 pounds moisture-free soil 


| FROM SURFACE-ZONE INCORPORATIONS FROM SUBSURFACE-ZONE INCORPORATIONS 


_ 4-year 

increase in 

outgo over 
controls 


4-year 
increase in 
outgo over 
CaO* controls 
additions 


addition 


addition 


Total for 4-year period 
Total for 4-year period 


Second year 
Third year 
Fourth year 
On basis of 
First year 
On basis of 
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Controls | 176] sos|....| ...| 357] 188 
250 (446) 171| 914] 16 78} 193 
500 (893) | 175| 207| 960) 62 6. 182 

1,000 (1,785) 212/1,030) 132} 7.4) 572) 231 
2,000 (3,570) 190)1, 141} 243) 6.8]1,064] 438 


Magnesium as CaCO;= 


Controls 74] 77| 741 336]....| ..f 1a] 7 
250 (446) | 109) | 319/-17| ...] 111] 7 
500 (893) | 59} 76 325|-11] ...| 107} 7 
| 7 
| 7 


69 
61 
54) 
8| 58] 69) 301 
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6 
1,000 (1,785) | 68) 339) 3} 109} 76 


2,000 (3,570) | 65! 67] 364) 28] .. 
} } 


96) 


Calcium-magnesium as CaCO;= 


Controls | 468) 262) 254) 250/1,234!...| al 468) 262) 254| 250|1,234/.....].... 
250 (446) | 482| 263) 248) 240/1,233) —1) ... 270) 253) 252|1,264| 30) 6.7 
500 (893) | 510] 258) 234) 283/1,285] 51] 5.7] 551] 258| 232] 251/1,292) 58] 6.5 
1,000 (1,785) | 575} 243] 265] 286,1,369| 135] 7.6) 681] 307| 271] 243)1,502| 268|15.0 


2,000 (3,570) | 695} 300) 253) 257/1,505) 271] 516] 372} 334)2,382]1, 148)32.1 
} j | ] | ' 


* Incorporated as Ca(OH)2—CaCO; equivalence given in brackets. 


and 2000 pounds CaO-equivalences of absorbed, i.e. non-carbonate, lime. 
In conformity, however, with corollary studies with limestone, dolomite, and 
magnesian limes, the calcium and magnesium results are reported both as 
pounds of CaCO; per 2,000,000 pounds of soil, and as per cent of addition. 
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The original nitrogen content of the soil was 0.1050 percent. Its original 
total sulfur content of 0.0537 per cent was supplemented by a rainfall increment 
of 180.4 pounds of sulfate sulfur (3) during the 4-year period. 


Surface-zone incorporations 
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Fic. 1. Perropic Ourco or CALciuM DURING A 4-YEAR PERIOD FROM UNTREATED SOIL 


AND SOIL WITH ADDITIONS OF HypRATED LIME AT THE RaTE OF 250, 500, 1000, AND 
2000 Pounps or CaO PER 2,000,000 Pounps oF SoIL 


CALCIUM AND MAGNESIUM OUTGO 
From surface-zone incor poration 


The annual and total losses of calcium and magnesium from the upper-zone 
incorporations are given in table 1 and the seasonal outgo in the curves of 
figure 1-A. 

After the second leaching of the first year, and until the end of the 4-year 
period, the periodic losses of calcium from the untreated soil were practically 
the same as those from each of the three fractional additions to the surface 
zone. The several differences between the total calcium outgo from the control 
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and the respective totals from the 250-, 500-, and 1000-pound CaO incorpora- 
tions were, therefore, small for the 4-year period. The total enhancements 
in the outgo over the 898-pound loss from the control were, in order of magni- 
tude of treatment, only 16, 62, 132, and 243 pounds for the four additions; 
or losses 3.6, 6.9, 7.4, and 6.8 per cent, respectively. These amounts, however, 
do not register the absolute releases of calcium to the leachings from the upper 
zone of treatment, since some stoppage was effected by the lower untreated 
zone. The periodic outgo of calcium (fig. 1) shows that there were accumula- 
tions of soluble salts during the warm months of minimum leaching rainfall. 
These accumulations were later leached by the fall and early winter rains. It 
is also apparent that only small amounts of soluble salts were produced during 
each of the four winter-months and that the outgo from each tank was generally 
very small at the May collections. 

The magnesium losses from the control and those from the several treat- 
ments were in close agreement. Variations of such magnitude as to register 
against the control in the graph (fig. 1-A) would show only for the 2000-pound 
CaO addition, and then only for the first two periods of the first year. During 
that time the concentration of neutral calcium salts in the leachings from the 
heaviest upper-zone incorporations appeared sufficient to bring about some 
release of magnesium in the lower, untreated, zone—an effect which was pre- 
cluded within the upper zone because of the protective action of the added 
lime. 


From subsurface-zone incor poration 


The losses of calcium and of magnesium from the incorporations in the lower 
zone are also given in table 1, and the seasonal outgo in figure 1-B. The 
periodic losses of calcium from the three fractional additions were practically 
the same as those from the control after the May to January period of the first 
year. The losses of 31 pounds, 77 pounds, and 303 pounds from these 446-, 
893- and 1785-pound CaCO;-equivalences, respectively, indicate the sta- 
bility of the absorption complexes derived from the three well-disseminated 
fractional additions, in the absence of plant growth. When the 4-year average 
of these three enhancements in outgo is compared with a similar average for 
the initial year, it appears that 78.8 per cent of the total losses occurred during 
the first year. The maximum incorporation of 3570 pounds CaCO;-equivalent 
(2000 pounds CaO) gave, however, an outgo in excess of that from the control 
for each of the 13 collection periods, and its total enhancement for the 4-year 
period was 1183 pounds, or 33.1 per cent of the amount incorporated. Even 
in this case of maximum outgo, the increase during the first year was 65.8 per 
cent of that for the full 4-year period. 

Only the heaviest incorporation indicated any repression in the solubility 
of native magnesium within the zone of treatment. Since, with this exception, 
the magnesium leachings were again so concordant, the results were not 
graphed. The cumulative effect of each 4-year total shows, however, the same 
“reciprocal repression” that was noted in previous studies (2). 
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As influenced by zone of incorporation 


The configurations of the curves for the two zones show considerable con- 
cordance in the calcium outgo from the three lighter treatments, after the 
first three leachings of the initial year. This is especially true of the 250- and 
500-pound incorporations. The calcium supplied by these two smaller incor- 
porations was insufficient to saturate the loam used, and the fixed calcium had 
acquired properties corresponding to those of the natural non-carbonate cal- 
cium content of the soil. But the two larger incorporations furnished more 
absorbed material to undergo hydrolysis and leaching. These activities were 
more extensive in the moist lower zone, and with no underlying untreated 
zone to diminish outgo through absorption, a greater release of calcium was 
obtained from the deeper incorporations. The loss from the 1000-pound CaO 
subsurface zone incorporation was 171 pounds in excess of that from the sub- 
surface zone, and 70 per cent of that amount was accounted for during the 
first year. The lower-zone incorporation of 2000 pounds of CaO suffered a 
loss of 940 pounds CaCO -equivalence over that from the surface-zone incor- 
poration, 521 pounds, or 55.4 per cent, of which occurred during the first year. 
Thus the loss from the subsurface-zone addition of 1000 pounds of CaO was 
actually more than that from the 2000-pound addition to the surface zone. 

Practically all of the largest loss of calcium from the surface-zone incorpora- 
tion may be assigned to the outgo of nitrates and sulfates. The CaCO;-equiva- 
lence of the enhanced outgo of these two salts from the maximum surface 
incorporation is 250 pounds, as against the directly determined loss of 243 
pounds. On the other hand, a similar comparison for the same addition to the 
subsurface shows that 93 per cent of the 1183-pound loss would be accounted 
for as calcium bicarbonate. 

The magnesium losses induced by the two smaller incorporations in the 
subsurface-zone did not differ materially from those induced by the same in- 
corporations in the upper zone. The two larger subsurface-zone incorpora- 
tions, however, gave magnesium yields less than those from their corresponding 
surface-zone incorporations and also less than the magnesium outgo from the 
untreated soil, but none of the differences was extensive. 


NITRATE OUTGO 


The loss of nitrates is of prime importance in the maintenance of fertility. 
A considerable part of the calcium outgo is in this form. The important vari- 
ables in the present experiment were rate of treatment and depth of incorpora- 
tion. The factors of temperature ranges, fallow, and periodicity and amount 
of rainfall were constant. The meagre nitrate increment from rainfall may be 
disregarded in the present discussion. 

The results from the surface-zone incorporations show that the fall and 
early winter rains were rich in nitrates and that only small amounts were 
leached during the winter and early spring months. This held for each of the 
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4 years. The hydrated lime incorporations failed to show any accelerative 
effect upon the generation of nitrates during the colder period of minimum 
bacterial activity. The 250- and 500-pound rates appeared to have induced 
very little increase in the nitrate outgo, even during the first year. The total 
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nitrate loss from the 1000-pound treatment was twice that from the 2000- 
pound addition; the loss from the 1000-pound incorporation having been 
greater than that from the 2000-pound incorporation during 3 of the 
periods. 
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In general, no enhancements in outgo came from the subsurface-zone incor- 
porations, except during the first year, and then only from the two heavier 
incorporations. Small increases over the control showed as totals for the 
4-year period in the case of the 250- and 2000-pound incorporations; whereas 
minus differences obtained from the 500- and 1000-pound incorporations. 

The totals show that for each rate the nitrate outgo was greater from the 
surface-zone incorporations. There was only a small variation, however, in 
the case of the 250-pound incorporation. The maximum enhancement came 


TABLE 2 
Nitrate nitrogen and sulfate sulfur leached during 4 years from 250-, 500-, 1000-, and 2000- 
pound CaO incorporations in the surfacezone and subsurface zone of a loam soil—basis of 
2,000,000 pounds moisture-free soil 
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CaO* 
ADDITIONS 


over controls 


period 
4-year increase 
over controls 


S | First year 
Second year 
Third year 
4-year increase 

= | First year 
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from the 1000-pound incorporation, whereas the zone-effect increased induced 
by the 500- and 2000-pound incorporations were about equivalent. 

This particular loam has shown ability to fix lime in quantities considerably 
larger than the present maximum addition, but, although unsaturated with 
calcium, the pH values of its leachings were otfen in excess of 7, so that appar- 
ently it was not so acidic as to require extensive lime additions to promote 
nitrification. The remarkable similarity between the nitrate curves shows 
that, under fallow, the dominant factor in nitrate production was that of 
season, and that the lime incorporations were of secondary importance 


FRACTIONAL INCORPORATIONS OF BURNT LIME IN SOIL 483 


In view of the uniformly small supplies of nitrate nitrogen present in the col- 
lections on the first day of each May, in a location where the season is well 
advanced at that period, it is easy to comprehend why top-dressings of readily 
available nitrogen are advantageous—certainly where the soil had not been 


recently turned. 
Surface-zone incorporations 
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SULFATE OUTGO 


The sulfate losses are given in table 2. Each rate caused some increase 
during the first year. The three lighter treatments yielded about equivalent 
amounts, and the maximum rate gave the greatest outgo. On the whole, 
no further acceleration was registered by any one of the four additions. The 
4-year totals therefore showed relatively small increases in sulfate outgo for 
the three heavier incorporations, and none for the lightest treatment. The 
largest outgo from the 2000-pound incorporation was less, however, than the 
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amount brought down by rain water, so that there was no actual loss of sul- 
fates to be attributed to either enhanced sulfofication, or to a lessening of the 
soil’s ability to hold sulfates. The greater leaching of sulfates during the 
winter months does not prove that spring and summer accumulations of sul- 
fates were washed out by the late fall and early winter rains less readily than 
were the nitrates; nor does it follow that sulfate generation exceeded that of 
nitrates during the winter months, since the rainwaters carried more sulfates 
during the coal-burning season (3). 

The annual and 4-year losses further show that small differences in sulfate 
outgo resulted from variation in depth of incorporation and the general 
concordance of the sulfate curves shows that losses of sulfates were influenced 
mainly by season and by rainfall increments. 


CONSERVATION OF CALCIUM, AS RELATED TO RATE OF LIMING 


During recent years it has been held that it is well to make small additions of 
lime each year. In support of this viewpoint, it is contended that the practice 
is economic, and that the cumulative effect is such as to insure the gradual 
but certain coming of legumes from light seedings in mixtures. In those 
soils, where optimum bacterial activities may result from the smaller incor- 
porations, and where the factors of base unsaturation and nutrient require- 
ments are not predominant, the progressive incorporation plan may possess 


distinct merit. 

The present study throws some light upon the proportionate conservations 
of single-lime additions at different rates. The several additions did not so 
alter the content of leachings as to indicate any interchange of bases. They 
displaced hydrogen ions and were “‘fixed” as non-carbonate forms in the soil 
mass within a few days, hence the losses of calcium may be considered as 
measuring the release of calcium from the absorption complexes, through 
hydrolysis and the attack by bacteriologically-engendered acids. The soil 
containing the lighter treatments, especially, were far from being “saturated,” 
and the enhancement in the alkali-earth outgo from these additions were prac- 
tically negligible. The complexes derived from the lighter incorporations were 
less extensively disseminated and less extensively hydrolyzed by the soil 
water and therefore less extensively leached. The heavier treatments brought 
the soil to a condition more nearly approaching saturation—a condition 
permitting greater hydrolysis and consequently greater leaching. This, 
together with the factor of greater surface exposure to the action of the soil 
water, was responsible for a greater calcium outgo which could not be accounted 
for entirely by increases in soluble neutral salts engendered through bacterial 
action. Insofar as conservation of single additions of lime is concerned, the 
smaller incorporations gave proportionately the larger conservations. It does 
not follow, however, that the same would hold true if the 4-year outgo from a 
full single economic addition were compared with that obtained from the same 
amount of lime supplied through fractional additions annually. Here an in- 
tervening factor, that of “aging,” comesinto play. After a single addition has 
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been made, the aging process begins its influence upon the full amount of 
absorbed material shortly after its incorporation. But with smaller additions, 
repeated so as to supply in the aggregate the same amount as that supplied in 
the single addition, the aging process is delayed until after the fixation of each 
successive fraction. This factor may vary decidedly, as influenced by the 
two methods of adding the same amount of lime to provide for soil needs over 
a given period of years. The repetitions may be considered as furnishing 
successive fresh streams of calcium to the soil solution. Very little is now 
known concerning the cumulative effect of such repetitions, as compared to 
heavier single additions. This problem is now being studied. 


SUMMARY 


The fate of completely fixed lime, added at four rates and in two zones, was 
studied by means of lysimeters over a 4-year period. 

The losses of calcium from 250- and 500-pound CaO additions to both zones 
were practically the same as the loss from the untreated soil. The influence 
of zone of incorporation was especially marked for the 1000- and 2000-pound 
rates. The loss from a 1000-pound subsurface addition was greater than that 
from a 2000-pound addition to the surface zone. The losses of calcium were 
accounted for in the main by the outgo during the first year. 

Magnesium losses were rather uniform, with evidence of repressed solu- 
bility in the zone where the lime additions were incorporated. 

The increases in nitrate outgo were accounted for mainly during the first 
year. Nitrates accumulated during the summer months were removed 
by early winter rains. There was apparently no generation of nitrates there- 
after until after the May collections of percolates. 

The high concentration of sulfate leachings during the winter months was 
attributed to the greater precipitation of sulfate sulfur during that season. 

The augmented losses of calcium from the lower-zone incorporations were 
shown to be due to bicarbonates derived from the fixed lime, whereas the losses 
from surface incorporations may be accounted for mainly by the outgo of 
biological end-products. 

The relation of rate of liming to calcium conservation is discussed. 
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